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Evaluation of Low-Cost Hydrogen Sulfide  
Monitors for Use in Livestock Production 

J. M. Beswick-Honn,  T. M. Peters,  T. R. Anthony 

ABSTRACT. Direct-reading gas monitors warn workers of the risk of potentially fatal 
hydrogen sulfide (H2S) exposures that may arise during manure handling. Low-cost, low-
maintenance H2S monitors are available from many manufacturers, but differences in 
their features and performance make selection challenging for farmers. Moreover, little 
information is available on the practical maintenance and performance of these devices 
in agricultural environments. The objective of this study was to provide information to 
agricultural workers to aid in the selection, maintenance, and use of low-cost H2S moni-
tors. This laboratory study evaluated the performance of several low-cost monitors over 
a simulated period of use of one year in a swine barn. Four models were exposed to H2S 
concentrations of 1 to 10 ppm over 18 weeks to examine the drift in reported concentra-
tion and changes in the alarm reaction time. Over the simulated barn year, the perfor-
mance of alarm-only monitors declined faster than that of monitors displaying the H2S 
concentration. Of concern was the high-level (20 ppm) alarm failures after an equivalent 
of 139 days (Altair) and 289 days (BW Clip) in a swine barn, well within the monitor’s 
reported shelf-life. Models displaying concentration exhibited fewer failures but were 
inaccurate in the displayed concentration when challenged with 20 ppm of H2S. The T40 
Rattler provided consistently higher readings (+2.3 ppm), and the Pac 3500 showed con-
sistently lower readings (-3.4 ppm) when challenged with 20 ppm. This study confirms 
the need for routine bump tests for these low-cost monitors to ensure that the monitor 
reacts to the presence of H2S, even if the manufacturer does not recommend this proce-
dure. Most importantly, agricultural workers should inspect and bump test these moni-
tors prior to any potentially high-risk activity, such as manure agitation, pumping, or 
pressure washing, to ensure that the monitor appropriately detects and warns users. 

Keywords. Calibration, Direct-reading monitors, H2S, Hydrogen sulfide monitors, Ma-
nure gas, Safety, Sensors. 

gricultural workers continue to be exposed to fatal hydrogen sulfide (H2S) con-
centrations during manure handling activities (Adekoya and Myers, 1999; Hen-
drickson et al., 2004; Beaver and Field, 2007; Riedel and Field, 2013). Livestock 

operations generate and store large quantities of manure, and its anaerobic decomposition 
generates H2S. When manure is undisturbed, background H2S concentrations in surround-
ing areas remain low, typically at or below 1 part per million (ppm) (Swestka, 2010; 
Reeve et al., 2013; Anthony et al., 2015; Guarrasi et al., 2015). However, when manure is 
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agitated during pressure washing or prior to manure pumping, H2S is released, presenting 
substantial risk of illness or death (Donham et al., 1982). When the manure is agitated to 
improve the pumping needed to empty storage pits, H2S concentrations can rise within 
seconds to higher than 500 ppm (Donham et al., 1982) and have been observed well over 
1000 ppm (Popendorf, 1991; Fabian-Wheeler et al., 2017). 

The smell of H2S is highly recognizable and easily detected at low concentrations 
(~1 ppm), where its “rotten egg” odor is identifiable. Acute exposures to low concentra-
tions of H2S can lead to headaches, nausea, and dizziness. However, when concentrations 
reach 100 to 150 ppm and above, olfactory paralysis occurs, preventing detection of H2S 
by smell. At concentrations ranging from 100 to 500 ppm, exposure can result in neuro-
logical symptoms. When the H2S concentration reaches 700 to 1000 ppm, exposure can 
cause rapid unconsciousness, leading to death with just a few breaths, often called 
“knock-down” (NRC, 2010). 

The Occupational Safety and Health Administration (OSHA) has established permis-
sible exposure limits (PELs) for H2S applicable to workers in general industry, construc-
tion, and shipyards (OSHA, 2017). OSHA regulations do not specify H2S exposure limits 
for agricultural workers, but exposures to H2S in livestock operations would be covered 
by the OSHA general duty clause, which requires that all workers be protected from rec-
ognized hazards, and acutely fatal H2S exposures from livestock manure are well recog-
nized in this industry. The general industry PELs for H2S were established in 1970 and 
specify that exposures be maintained below a 20 ppm ceiling across a work shift, alt-
hough OSHA allows a single exposure to reach 50 ppm for up to 10 min when there is no 
other exposure (0 ppm) during a shift. For construction and shipyard workers, exposures 
to H2S must be maintained below 10 ppm as a full-shift (8 h) time-weighted average. 

More recent consensus exposure limits have been established based on current health 
hazard evidence, irrespective of occupational sector. The American Conference of Gov-
ernmental Industrial Hygienists (ACGIH) annually publishes threshold limit values 
(TLVs) (ACGIH, 2017), and the National Institute of Occupational Safety and Health 
(NIOSH) periodically revises recommended exposure limits (RELs) to protect workers 
(NIOSH, 2007). These organizations recommend that short-term exposures not exceed a 
10 min ceiling of 10 ppm H2S (NIOSH) and a 15 min average of 5 ppm (ACGIH). In 
addition, ACGIH recommends that 8 h average H2S exposures be maintained below 
1 ppm (ACGIH, 2017) to protect against chronic diseases. NIOSH also establishes expo-
sure criteria for chemicals that are immediately dangerous to life and health (IDLH), de-
fined as a concentration above which exposed workers must rely on supplied-air respira-
tors for protection to escape a hazardous environment (NIOSH, 2007). For H2S, the 
IDLH is currently 100 ppm, a reduction from the pre-1994 recommendation of 300 ppm. 

Hydrogen sulfide can be a major component of manure pit gases, which are liberated 
from manure during agitation prior to pumping and which can occur in the air above 
poorly ventilated storage spaces. Indoor manure storage spaces typically meet the criteria 
for confined spaces because of the high probability of lethal concentrations of H2S com-
bined with limited entry and egress. While U.S. health and safety regulations do not re-
quire agricultural workers to conform to either H2S exposure limits or confined space 
practices, preventing access to areas with high H2S concentrations and monitoring the air 
quality to ensure safe breathing can protect health and save lives. 

Direct-reading gas monitors are useful tools for providing real-time warnings to live-
stock producers. These monitors can rapidly assess the environment and warn workers in 
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real time to leave areas where the H2S concentration is unsafe. Most commonly, direct-
reading monitors for H2S incorporate electrochemical sensors that detect H2S through a 
reaction between the airborne gas and an electrolyte, generating an electrical signal that 
corresponds to the gas concentration in ppm. The monitor detects the signal voltage, 
translates it into a concentration value, and triggers an audible alarm if the concentration 
exceeds a preset threshold. In the past ten years, manufacturers of gas detection equip-
ment have developed and marketed “low-maintenance” or “maintenance-free” monitors 
that can provide early hazard warnings to agricultural workers at a fraction of the cost of 
traditional gas monitors. 

ASABE and NIOSH have published guidance on the use of gas monitoring equipment 
in agriculture, including investigating the safety of manure pits prior to entry (ASABE, 
2011; NIOSH 1990). However, the use of gas monitors remains rare, with surveys indi-
cating that only 1.3% to 6% of farm operations test the air quality prior to pit entry (Mur-
phy and Manbeck, 2014). Adoption of gas monitors is also low in allied agricultural ser-
vices, e.g., only 5% of Iowa manure applicators indicated that they have used H2S moni-
tors, although 31% indicated they might purchase them in the future (ISU, 2016). 

Increased use of gas monitors by agricultural workers could provide important protec-
tion against toxic exposure to H2S. Traditional multi-gas monitors ($600 to $5000), often 
used for confined space entry, may be too costly and difficult for livestock producers to 
maintain. Low-cost, low-maintenance monitors for H2S are available from many manu-
facturers, but differences in their features and performance make selection challenging. 
Moreover, little information is available on the practical maintenance and performance of 
these devices in agricultural environments. 

This purpose of this study was to identify and evaluate, in a controlled environment, 
several models of low-maintenance or maintenance-free monitors that can be used as 
personal alarms to warn of H2S exposure risks. This study presents an evaluation of the 
long-term reliability of these monitors in an anticipated worst-case maintenance scenario, 
i.e., leaving the monitor inside a livestock production building and exposed to low con-
centrations of H2S without performing maintenance throughout its useful life. 

Methods 
Monitor Selection 

In summer 2015, low-cost (<$250) personal H2S monitors marketed as “low-
maintenance” or “maintenance-free” were identified. Farm supply catalogs had no gas 
monitors for sale, so a broader internet search identified single-gas H2S monitors availa-
ble through online U.S. retailers. A panel of industrial hygienists reviewed the resulting 
web searches for monitors described as needing no initial calibration or maintenance. To 
prioritize the selection, the panel identified models from recognizable manufacturers of 
robust high-cost equipment. Next, the top-ranked monitors that were available from at 
least three online retailers were selected for inclusion. Four monitors were selected for 
evaluation, representing four manufacturers and a range of cost and features (table 1). 
Two monitors provided “qualitative” information, with displays indicating the remaining 
monitor life, in months, but not the H2S concentration. The other two monitors were 
“quantitative,” displaying the H2S concentration detected in ppm. All monitors had audi-
ble and visual alarm warnings at two levels that were preset by the manufacturer. 
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Table 1. Test monitors selected for the study, with comparison of key features. 

Specification 
Qualitative Monitors 

 
Quantitative Monitors 

Altair[a] BW Clip[b] Pac 3500[c] T40 Rattler[d] 
Cost $109 $110  $209 $220 
Battery      
 Type Lithium Internal (2 years)  Lithium AA (1500 h) 
 Replaceable No No  Yes Yes 
Display      
 Concentration No No  Yes Yes 
 Default low alarm 10 ppm 10 ppm  10 ppm 10 ppm 
 Default high alarm 15 ppm 15 ppm  20 ppm 20 ppm 
Monitor response      
 Reported accuracy[e] NS NS  ≤1% drift 

per month 
NS 

 Maximum detection 100 ppm 100 ppm  100 ppm 500 ppm 
Warranty period Two years or 

18 h alarm 
Two years with 

2 min alarm 
per day 

 Two years Two years from 
shipping date 

Shelf-life One year prior  
to activation 

One year prior  
to activation 

 Two years One year prior  
to activation 

Manufacturer recommendations[e]     
 Bump test Recommended Possible[f]  Recommended Possible 
 Calibration Possible but 

not required 
Recommended 

if alarmed[f] 
 Possible[f] Possible 

 Concentration NS 40 ppm  NS 25 ppm 
 Flow rate 0.25 L min-1 NS  0.5 L min-1 NS 
[a] MSA Safety, Cranberry Township, Pa. 
[b] Honeywell International, Morris Plains, N.J. 
[c] Dräger Safety, Inc., Pittsburgh, Pa. 
[d] Industrial Scientific Corp., Pittsburgh, Pa. 
[e] As indicated in user manual provided with monitor at time of purchase. NS = not specified in manual. 
[f] Requires additional proprietary hardware or software not included with monitor purchase. 

Experimental Setup 
The monitors were placed in a sealed chamber (0.047 m3 internal volume, submersible 

enclosure, Part No. 5376K312, McMaster-Carr, Elmhurst, Ill.) and exposed to low con-
centrations of H2S over extended periods to replicate storage and use conditions in live-
stock production operations (fig. 1). Ports in the chamber accommodated power supply, 
gas delivery, and pressure release. Two monitors of each model were placed inside the 
chamber: one was fully activated throughout the study (primary), and the other was 
placed in standby mode (if available) or turned off throughout the study (secondary). The 
secondary monitor was used to develop storage recommendations for an unused monitor. 

Hydrogen sulfide gas (25 ppm H2S, Praxair, Inc., Danbury, Conn.) was delivered 
through a port in the top of the chamber (fig. 1). A fan was placed inside the chamber to 
ensure well-mixed air. Power to the fan and the ToxiRAE reference monitor was supplied 
through additional ports on the right side of the chamber. The vent port on the left side of 
the chamber was opened only during chamber charging to prevent pressurization. 

The reference H2S concentration in the chamber was measured with a ToxiRAE Pro 
EC (RAE Systems by Honeywell International, Morris Plains, N.J.). One-minute aver-
aged concentrations were logged continuously throughout each chamber test. The cumu-
lative concentration (ppm-time) in the chamber was computed from the ToxiRAE read-
ings. To quantify any sensor drift of this reference monitor, the chamber H2S concentra- 
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Figure 1. Experimental setup of test chamber. The primary test monitors that were continuously operat-
ing are at the bottom, and the secondary monitors in standby mode are behind them. The ToxiRAE ref-
erence monitor logged H2S concentrations throughout each chamber test, and the probes for the external 
VRAE and Altair 4X reference monitors were inserted initially and periodically throughout each test to
confirm the ToxiRAE readings of the chamber H2S concentration. 

 
tions were checked at the start and end of each chamber test and daily with two additional 
reference monitors: an Altair 4X (MSA Safety, Cranberry Township, Pa.) and a VRAE 
(RAE Systems by Honeywell International, Morris Plains, N.J.). All three reference mon-
itors were calibrated at the beginning of each chamber test (zero, 20 ppm) using calibra-
tion gas (34L-428-20, Gasco Precision Calibration Mixtures, Oldsmar, Fla.). 

Test Protocol 
The test monitors were exposed to H2S in the test chamber over 24 sequential short-

term tests at concentrations above typical concentrations measured in production build-
ings, but below alarm level (10 ppm), in order to test the drift and longevity of the moni-
tors in a shorter period while in a controlled environment. This method is similar to aero-
sol monitor tests (Vanderpool et al. 2001; Kenny et al., 2004) used to assess monitor sta-
bility and response time (NIOSH, 2012). 

The H2S concentration and exposure duration were established to approximate the en-
vironment that a monitor might encounter over a one-year period in a livestock operation. 
Specifically, the protocol assumed that these monitors might be stored in livestock build-
ings, where the electrochemical sensors would be exposed to low concentrations of H2S 
throughout the year even if not in use, which could degrade the sensors over time. To 
convert the chamber test conditions to equivalent barn exposure, the cumulative annual 
exposure of an H2S monitor in use in a livestock operation was estimated. This assumed a 
low background concentration typical inside swine production buildings (1 ppm) and 
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added H2S contributions anticipated from pumping and weekly bump testing, in which a 
known concentration of gas is applied to the sensor to ensure that it is responding to the 
gas (table 2). These short-term peaks contribute little to the annual cumulative concentra-
tion relative to the continuous, low background exposures in a livestock building. The 
annual cumulative exposure for a monitor used in the field was estimated to be just over 
367 ppm-day, yielding an average daily H2S exposure of 1.005 ppm over 365 days. The 
test monitors were subjected to 24 sequential chamber tests to achieve exposure equiva-
lent to the estimated one-year cumulative concentration in the field. 

The procedure for each chamber test was to charge the chamber with H2S gas, allow 
the H2S concentration to decay, and then remove the monitors for performance tests. To 
charge the test chamber, 25 ppm of H2S was delivered into the chamber until the concen-
tration was just below the low alarm level (10 ppm). During charging, the chamber con-
centration was recorded at 2 min intervals with the two test monitors with displays (Pac 
3500 and T40 Rattler) and the ToxiRAE reference monitor. When the chamber concen-
tration reached approximately 9.5 ppm, the H2S flow was stopped. The initial chamber 
concentration was recorded using all three reference monitors (ToxiRAE, VRAE, and 
Altair 4X), after which all chamber ports were closed. 

After charging, the H2S concentration in the chamber decreased over subsequent days. 
In phase 1 of this study, the chamber concentration during each chamber test was allowed 
to decay to ~1 ppm prior to opening the chamber to evaluate monitor performance. 
Phase 1 lasted 16 weeks, during which a total of 21 chamber tests achieved a cumulative 
exposure of 273 equivalent barn days (274 ppm-days) for the test monitors. For the first 
chamber test in phase 1, the chamber was recharged midway through the 5.8-day period 
(18.5 equivalent barn days); all other phase 1 tests had a single chamber charge. After 
21 chamber tests, the test monitors began to show declines in performance, and testing 
was accelerated. In phase 2, the last three chamber tests included chamber recharging, 
without chamber opening, when the H2S concentration decayed to ~5 ppm in order to 
maintain higher mean concentrations over time. Phase 2 lasted two weeks to achieve an 
additional 100 equivalent barn days of cumulative exposure. 

For each of the 24 chamber tests, when the chamber H2S concentration decayed to 
~1 ppm, the chamber was opened, the monitor performances were checked (bump tested), 
and the reference monitors were fully calibrated. Each individual chamber test lasted 
from 3 to 7 days. 

Before each chamber test, all primary test monitors were bump tested by applying 
20 ppm of H2S calibration gas to the sensor. Performance data were collected at this time, 
including time to respond to low and high alarms (all monitors) and concentration read-
ings (T40 Rattler and Pac 3500 only). In addition, the logged data from the ToxiRAE 
reference monitor were downloaded to compute the cumulative exposure of the monitors 
in the chamber. The secondary test monitors were not bump tested after each chamber 
test; instead, they were bump tested only at the end of the study. 

Table 2. Estimated annual cumulative H2S exposure for a monitor stored in a livestock building. 

Typical Exposure Source 
Concentration 

(ppm) 
Duration and 

Frequency Assumptions 
Cumulative 

ppm-day 
Background concentration in building 1 Constant, 365 days 365 

High concentration events 25 15 min, 4 per year 1.04 
Weekly bump testing 20 1 min, 52 per year 0.72 

Annual total: 366.76 
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After testing began, Honeywell released a BW Clip Real Time (RT) monitor with 
concentration display that used the same electrochemical sensor as the BW Clip monitor. 
A BW Clip RT monitor was added to the study at chamber test 14. 

Performance Analysis 
The cumulative H2S exposure (ppm-day) of the test monitors was computed from the 

activation of the test monitor using the ToxiRAE logged concentration data. The cumula-
tive concentration at the end of each chamber test was used to mark changes in test moni-
tor performance. The cumulative concentrations were converted to equivalent time in a 
livestock building by dividing the chamber concentrations by 1.005 ppm H2S per day in a 
barn to compute the equivalent barn days associated with the laboratory tests. Failures 
were reported in equivalent barn days to indicate when a failure would be anticipated in a 
typical livestock operation. The equivalent days of barn exposure were identified for each 
monitor when the high alarm failed to signal at either 60 s (manufacturer’s criteria) or 
15 s (field recommendation criteria) during bump testing (Wanek, 2011). For the quanti-
tative test monitors (Pac 3500 and T40 Rattler), failure was also identified when the mon-
itor drifted below the calibration gas concentration during bump tests (20 ppm) or dif-
fered from the reference monitor by 3 ppm (15% difference). 

For the secondary test monitors, which were in standby mode or off throughout the 
study, these same criteria were used at the end of the study to determine if the concentra-
tion had drifted by more than 3 ppm or if the alarm response had failed. 

Results 
Chamber Concentrations 

The test monitors were challenged in the chamber for 373 equivalent barn days. The 
bump testing of the primary test monitors over the 24 chamber tests was equivalent to 
field bump testing every two weeks over a one-year period. Figure 2 illustrates the pat-
terns of gas concentration generated to expose the test monitors across the chamber tests. 
Figure 2a shows the pattern over the entire test period, with phases 1 and 2 delineated. 
Figure 2b illustrates the concentrations in chamber test 1 (phase 1), with a quick concen-
tration increase to just below the low alarm level (10 ppm) and then a decay to 1 ppm. 
This first test included a second charging at day 10 (equivalent barn day). Figure 2c illus-
trates the charging pattern in phase 2, using chamber test 22, to illustrate how higher 
chamber concentrations were maintained in the last three tests, in which an initial charge 
to ~9.5 ppm was followed by two additional chamber charges when the concentration 
decayed to 5 ppm on equivalent barn days 294 and 299. 

The ToxiRAE reference monitor, which was used throughout the chamber tests, 
showed no significant drift over the study period. Linear regression between between the 
ToxiRAE and both the VRAE and the Altair 4X produced slopes of 1 and intercepts indi-
cating that the ToxiRAE read 0.2 ppm lower, on average, than the other two reference 
monitors (R2 = 0.97 to 0.98). 
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Figure 2. Pattern of chamber H2S concentration during (a) entire duration of testing (24 chamber tests),
(b) chamber test 1 (phase 1) in which the concentration was allowed to decay to 1 ppm, and (c) chamber 
test 22 (phase 2) in which the concentration was maintained with recharging. Concentrations were from 
the data-logging ToxiRAE reference monitor. 

Performance of Primary Monitors 
The times at which notable performance failures occurred are shown in figure 3. Over 

the 18 weeks of chamber testing, the T40 Rattler required battery changes four times. 
While not considered failures under the study’s criteria, these events were noted to de-
termine the higher maintenance requirements of the T40 Rattler. The Altair failed to acti-
vate the high alarm nine times during bump tests. The BW Clip experienced a high alarm 
failure only once during testing after 324 equivalent barn days. These high alarm failures 
were considered critical because the monitor failed to detect the gas at the high alarm 
setting within 1 min of gas exposure. The Pac 3500 had 17 events in which the monitor 
reading was at least 3 ppm (15%) lower than the 20 ppm calibration gas. This 15% un-
derestimation at low concentrations may not be critical, but it could be important at high-
er, more hazardous concentrations. 
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Figure 3. Test monitor failures during bump testing over the chamber test period by equivalent barn 
days and by cumulative concentration of monitor exposure (ppm-days). 

 
The concentrations displayed during bump tests of the quantitative monitors are pro-

vided in figure 4. The T40 Rattler read consistently higher than the bump test gas (mean 
= +2.3 ppm). On equivalent barn day 203, the T40 Rattler read below the 20 ppm chal-
lenge concentration, but the battery charge read low soon after this calibration. The re-
ported low concentration with low battery indicates that battery management is critical 
for using the T40 Rattler in the field. The Pac 3500 consistently read low (mean =  
-3.4 ppm), with 17 of 22 tests low by more than 15% (3 ppm). The mean difference of 
3.4 ppm is equivalent to a drift of 17% from the bump test gas, which might be anticipat-
ed after 17 months of field use with the maximum concentration drift reported for the Pac 
3500; however, this discrepancy was observed almost as soon as the monitor was turned 
on. The BW Clip RT, added at chamber test 14, was challenged to only 206 equivalent 
barn days of H2S. No alarm failures were noted, and the concentration display did not 
drop below the 15% criterion (3 ppm) during the bump tests. 

Table 3 details the response times required for the primary qualitative test monitors to 
signal the low (10 ppm) and high (15 ppm) alarms during bump testing. During phase 1, 

Figure 4. Concentrations displayed during bump tests of primary quantitative monitors using 20 ppm 
H2S challenge gas. 
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Table 3. Alarm response of primary test monitors using 20 ppm H2S calibration gas. “Pass” indicates 
quick alarm activation, a number indicates the seconds required to signal the alarm when the calibration
gas was applied to the sensor, and “Fail” indicates that the alarm did not activate within 60 s. 

 
Equivalent 
Barn Days 

MSA Altair BW Clip 
10 ppm 15 ppm 10 ppm 15 ppm 

Phase 1 0 Pass Pass  Pass Pass 
30 Pass Pass  Pass Pass 
36 Pass Pass  Pass Pass 
46 Pass Pass  Pass Pass 
56 Pass Pass  Pass Pass 
64 Pass Pass  Pass Pass 
78 Pass Pass  Pass Pass 
88 Pass Pass  Pass Pass 
98 Pass 31  Pass Pass 
106 12 Fail  Pass Pass 
115 11 49  Pass Pass 
125 12 40  Pass Pass 
139 12 Fail  9 12 
155 14 Fail  10 13 
167 12 Fail  9 13 
185 11 Fail  10 18 
194 13 49  10 19 
203 11 42  10 18 
215 10 Fail  10 20 
243 13 49  10 20 

Phase 2 273 10 Fail  10 23 
289 12 Fail  11 Fail 
373 16 Fail  12 20 

 
both monitors signaled the low and high alarms quickly, but by equivalent barn day 98, 
the Altair required 31 s to signal the high alarm. By equivalent barn day 273, the Altair 
did not activate the high alarm when challenged with 20 ppm of H2S for more than 60 s. 
The BW Clip continued to activate the high alarm until day 289, with a recovery on the 
next test. A noticeably longer response time was clearly developing in the BW Clip at the 
end of one equivalent year of use. 

Performance of Secondary Monitors 
The performance of the secondary test monitors was examined at the end of the test 

period, with bump tests occurring before the chamber studies began and at 273 and 373 
equivalent barn days of chamber exposure. The secondary T40 Rattler, which was turned 
off during the study, passed the alarm tests and displayed 20 ppm, matching the bump 
test gas. The secondary Pac 3500, also turned off for the chamber tests, reported 2.5 ppm 
below the calibration gas target, similar to the primary Pac 3500 monitor. The secondary 
BW Clip was put into hibernation mode at the start of the study using the manufacturer’s 
hibernation case. The display of time remaining confirmed that it had been hibernating, 
and the monitor responded adequately to the bump tests (alarm activation and speed). The 
secondary Altair was incapable of being shut off or hibernating once activated. This sec-
ondary test monitor was active throughout the entire chamber test period but was not 
bump tested between each chamber test. Like the primary Altair, the secondary Altair 
failed the high alarm test when it was challenged at equivalent barn day 273. 
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Discussion 
Each of the four models of test monitors exhibited a decline in performance over the 

study. These results confirmed that long-term exposure to even low levels of H2S might 
jeopardize the reliability of direct-reading monitors. While the user instructions provided 
with these monitors indicated that little or no maintenance is needed, bump tests are criti-
cal to ensure that alarms function and concentrations are accurate. Based on performance, 
qualitative observations, features, and manufacturer’s instructions, the ranked order of the 
recommended monitors is: (1) Honeywell BW Clip, (2) Industrial Scientific T40 Rattler, 
(3) Dräger Pac 3500, and (4) MSA Altair. 

The Honeywell BW Clip monitors (primary and secondary) responded consistently to 
bump tests for most of the test period. Low alarms (10 ppm) occurred within 10 s for 
every bump test. This monitor required the least amount of maintenance and exhibited the 
fewest failures. This monitor also has an ancillary hibernation case (~$15) that extends 
the life of the monitor, with evidence of this protection demonstrated by the secondary 
monitor. While the BW Clip RT was only available midway through the study and was 
tested for only 204 equivalent barn days, it had no failures. This unit uses the same hiber-
nation case and has identical sensor technology as the BW Clip that completed the full 
test period. Because 89% of recently surveyed livestock producers indicated that concen-
tration display was an important feature of H2S monitors (Anthony, 2017), the BW Clip 
RT may be highly attractive for agricultural operations. 

The Industrial Scientific T40 Rattler required more maintenance than the BW Clip due 
to the number of battery changes, but otherwise showed no failures. Although the test gas 
readings were not accurate, the primary test monitor overestimated the concentrations, 
erring on the side of worker protection. However, a concern is that the secondary T40 
Rattler displayed low concentrations at the end of study. Users can fully calibrate this 
monitor, allowing adjustment of the reported concentrations to match calibration gas. 
Due to its vulnerability during low battery charge, new batteries should be installed prior 
to using this monitor for activities with high risk of H2S exposure. It is unclear how long 
the batteries will last when the monitor signals alarms for long periods in the field. 

Both Dräger Pac 3500 test monitors displayed concentrations lower than the 20 ppm 
calibration gas during bump tests at monitor activation and consistently throughout the 
chamber tests. Under-reporting of the actual concentration is problematic because a haz-
ardous environment might be identified as safe. For industries in which chronic low ex-
posures are monitored and regulated, inaccurately low readings in the range of 20 ppm 
would be unacceptable. More importantly, this monitor includes a menu-driven bump test 
feature, not used during the study, that may be problematic in the field because an unsuc-
cessful bump test using the device menu would disable the device, leaving a producer 
with no functioning monitor should the device read low. 

The MSA Altair monitors cannot be turned off after initial activation. According to the 
manufacturer, the alarm should respond to bump testing within 60 s of gas application, 
although response in 15 s is recommended (Wanek, 2011). The primary monitor failed to 
signal an alarm at 20 ppm at 106 equivalent barn days of exposure. Without bump tests to 
verify its performance, the Altair provides no other indication of failure to the user, which 
could put a worker in serious danger of exposure. Due to the high failure rate of the Altair 
in this experiment, this monitor is not recommended for agricultural operations with lim-
ited monitor calibration and maintenance programs. 
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Maintenance Recommendations 
The sensors used in the tested monitors have a finite life. Over time, the sensor per-

formance may be reduced due to loss of electrolyte from reactions with H2S and other 
gases and from deposition of particles on the diffusion surfaces (Warburton et al., 1998; 
Woodfin, 1994; NIOSH, 2012; Pandley et al., 2012). Loss of electrolyte results in de-
creased response to a fixed gas concentration, reducing the ability of the monitor to detect 
the gas accurately. For this reason, gas monitors should be routinely challenged with a 
known concentration of test gas to ensure that any changes in the electrical signal over 
time result in accurate reporting of the gas concentration and trigger appropriate alarms. 

According to the manufacturers’ documentation for these monitors, none of the moni-
tors require calibration at the time of purchase. Two manufacturers (MSA and Dräger) 
recommend bump testing their monitors, as performed in this study. The manufacturers 
recommended that bump testing or other basic checks be performed “according to indus-
try standards” or “according to local protocols” in the documentation. However, the agri-
cultural community has not formally established recommendations for the frequency of 
these checks. Based on this study’s findings, routine (at least monthly) bump testing is 
recommended for these low-cost monitors during activities of low risk as well as prior to 
conducting high-risk operations (e.g., manure pumping, pressure washing of swine 
rooms, testing confined space air quality). Bump testing is recommended well in advance 
of high-risk activities to verify that the sensor is performing well so that there will be 
time to calibrate, repair, or replace the monitor if necessary. In addition, due to the per-
formance differences among these monitors when taken out of the box, bump testing is 
recommended upon first activation of the monitor. 

The cost of supplies and expertise needed to test these monitors is not trivial. While 
each monitor can be obtained for less than $250, calibration gas ($100 and up) and a reg-
ulator ($100 to $200) are also needed to perform bump tests. Calibration gas for H2S typ-
ically has a shelf-life of up to 18 months. In small and medium-size operations, the cali-
bration gas may likely expire before it is consumed. Feasible systems for providing tech-
nical expertise to bump test and calibrate the monitors, and possibly resources to pur-
chase and maintain calibration systems, may be needed for local farming communities. 
The need to perform checks of the sensor response must be communicated to the workers 
who rely on these monitors. 

When a monitor is purchased, storage in areas free of H2S is recommended. While the 
bump test concentrations reported by the quantitative monitors changed throughout the 
study period, the readings at the end of the study were the same as at the start. However, 
the electrolytic solutions may decay in the sensors of the alarm-only monitors studied 
here. Because manufacturers can change sensor components over time, all sensors need 
to be protected from H2S exposure when not in use to maximize their life. 

The Altair and BW Clip have internal batteries that are not designed for user changing. 
Thus, when the battery is dead or the two-year activation period has been reached, the 
monitor must be replaced. If the alarm was not activated, these monitors would theoreti-
cally last the duration of the two-year warranty period. The Pac 3500 has a replaceable 
lithium battery, and the T40 Rattler uses a single AA alkaline battery. At first glance, the 
AA battery was identified by farmers as a favorable feature (Anthony, 2017). However, 
the number of battery changes required for the T40 Rattler during this study could indi-
cate a vulnerability, and particular attention should be given to the battery level to ensure 
that the monitor remains responsive during use. 
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Study Limitations 
This study did not account for humidity, temperature extremes, or other coexisting 

contaminants in livestock operations, which could further decrease the accuracy and use-
ful life of the electrochemical H2S sensors. Temperatures above 25°C have been shown to 
increase sensor readings by approximately 0.5% to 1.0% per °C (Chou, 2000). Similarly, 
extremely high humidity can cause condensation to form on the electrode, interfering 
with the accuracy and operation of the sensor (Chou, 2000). Particle deposition on the 
sensor or its external filter may also affect the monitor response and should be included 
in field performance assessments of H2S monitors. Field use may require replacement of 
the filter, which might not be possible for all low-cost monitors. Thus, long-term evalua-
tions of these monitors in agricultural environments would provide realistic feedback on 
how temperature, humidity, dust, and co-contaminants affect the sensors over time. 

Although these monitors were challenged at concentrations higher than typical back-
ground levels in livestock buildings, the study used equivalent barn exposure assumptions 
to simulate the performance of each monitor over approximately one year in a livestock 
barn with a background concentration of ~1 ppm. Under these conditions, both alarm-
only monitors showed signs of alarm failure at the high alarm setting and began to show 
effects at the low alarm level. If the background concentration in a livestock building is 
higher than 1 ppm, these monitors may show signs of failure even earlier than reported 
here. This study did not examine how well these monitors perform over time when ex-
posed to concentrations that are immediately dangerous to life and health (100 ppm), both 
in terms of monitor response and useful life. It is reasonable to recommend bump testing 
the monitors after exposure to field concentrations that result in alarms. 

Finally, this study tested a very small sample of monitors. Only four models were test-
ed, with only two monitors of each model. While this work informs how monitors might 
perform over a year, it is impossible to determine that any model is significantly better- 
or worse for agricultural use without additional testing, as sensors and monitors can vary 
between manufacturer lots. Bump testing initially and throughout the monitor’s useful 
life is standard practice in other industries and, based on findings of this study, is recom-
mended to appropriately inform users of H2S risks in agricultural operations. 

Conclusion 
Each of the low-cost H2S monitors that were studied exhibited performance character-

istics indicating that maintenance is needed throughout the monitor’s life. Monitors 
should be challenged with a test gas (bump tests) to ensure that the sensor can detect H2S 
concentrations and signal alarms as designed. As shown in this study, bump tests are 
more important later in the life of the monitor, when the likelihood of failure increases. 
However, if tested and maintained appropriately, these monitors have potential to warn 
agricultural workers of potentially deadly H2S exposures. Future work is needed to de-
termine if environmental factors within a barn would contribute to sensor failure even 
earlier than identified in these chamber tests. The results of this study can be used in agri-
cultural educational programs aimed at increasing awareness of H2S exposure risks, 
where discussions of gas monitor selection and use can incorporate both the benefits and 
limitations of direct-reading monitors. 
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