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A B S T R A C T   

Gaseous ammonia (NH3) is a primary basic substance in the atmosphere, and its global emission has been 
increasing in recent decades. It is vital to continuously monitor the atmospheric NH3 to clarify the impact of NH3 
on sensitive ecosystems. This paper proposes a simple gaseous NH3 monitor utilizing a parallel plate wet denuder 
(PPWD) and a conductometric flow injection analysis (FIA) with an ammonia transfer device (ATD). In the 
present study, water-soluble basic gases, NH3, are selectively detected by the conductivity detector (CD). The 
ATD-CD ammonium detector requires no coloring reagents commonly used in FIA. Five-day field measurement of 
ambient NH3 was successfully performed with 30 min time resolution. All the air samples over the observation 
period (n = 186) contained NH3 above the limit of quantification (11.4 nmol m− 3). The NH3 data showed 
excellent agreement with the values using ion chromatography in the field measurements.   

1. Introduction 

Gaseous ammonia (NH3) is the primary basic gas in the atmosphere 
[1]. The sources of NH3 emissions include agriculturalactivities such as 
animal husbandry and fertilization [2,3] and emissions from traffic and 
industrial activities [4,5]. In the atmosphere, NH3 plays a crucial 
component in atmospheric chemistry, e.g., neutralizing material for 
cloud pH and precipitation, a precursor for secondary particulate for
mation [1,6]. Particulate ammonium constitutes a significant fraction of 
PM2.5 and causes a reduction of atmospheric visibility through light 
extinction [7]. Excessive deposition of ammonium salts on sensitive 
ecosystems leads to soil acidification and surface water eutrophication 
[8]. Long-term exposure to fine particulate matter contributes to respi
ratory, cardiovascular, and other diseases [9,10]. Global emission of 
NH3 has been increasing in recent decades [11,12], and its impact on the 
environment and public health would be highly significant. It is, 
therefore, critical to monitor atmospheric NH3 and clarify its behavior in 
the environment. 

Several gaseous NH3 measurement techniques have been reported. 
Filter-based samplers and reagent-coated diffusion denuders are inex
pensive and straightforward methods to collect gaseous NH3. However, 
they have disadvantages of being time-consuming to analyze and having 

a low temporal resolution of 12 or 24 h. Open-path differential optical 
absorption spectroscopy [13] and quantum cascade laser absorption 
spectroscopy [14] can provide a fast response and high time resolution 
data. An online gas collector coupled with an NH3 detection system 
enables near-real-time monitoring of gaseous NH3. Ion chromatography 
is useful for quantifying ammonium (NH4

+) in environmental water 
samples. Fluorometric/spectrophotometric flow injection analysis (FIA) 
is a portable and inexpensive alternative approach but requires fluo
rescent/colorimetric reagents or indicators to detect NH4

+ [15–18]. 
Recently, a conductometric determination of NH4

+ separated by 
membrane-based diffusion or distillation has been reported [19–21]. 
Many fluorometric/spectrophotometric and electrochemical NH4

+

detection methods, including the above approaches are summarized in 
recent review papers [22,23]. 

In the present study, a parallel plate wet denuder, PPWD [24–27], 
and a conductometric FIA system with an ammonia transfer device, 
ATD, were used as a continuous gas collector and an NH4

+ detector, 
respectively. Commercial carbonate removal device, CRD developed by 
Ullah et al. [28], worked as the ATD. The proposed method requires no 
fluorescent/colorimetric reagents that specifically react with NH4

+, and 
atmospheric NH3 is selectively detected online via PPWD, cation 
concentrator, ATD, conductivity detector, CD. First, a series of 
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laboratory experiments have been conducted to optimize the ATD-CD, 
including elution time of NH4

+ from concentrator, concentration and 
flow rate of donor solution, and ATD temperature. Then, optimized 
ATD-CD was compared with fluorometric/spectrophotometric FIA in the 
literature. Finally, the PPWD coupled ATD-CD was constructed as an 
online gaseous NH3 monitor and evaluated in the field application. 

2. Experimental 

2.1. Reagents and ion chromatographic system 

All reagents used in the present study (sodium hydroxide from Kanto 
Chemical, ammonium chloride from Katayama Chemical Industry, 
methanesulfonic acid from Kishida Chemical) were analytical grade and 
were used without further purification. Sartorius arium 611DI grade 
deionized water (> 18 MΩ cm) was used throughout. Cation 

Fig. 1. Schematic of (A) ATD, (B) ATD-CD for NH4
+ detection, (C) wet denuder coupled ATD-CD for atmospheric NH3 monitoring. DI, donor inlet; DO, donor outlet; 

RI, receptor inlet; RO, receptor outlet; P1 & P2, peristaltic pump; IV, 6-port valve; CC, cation concentrator; O, oven; ATD, ammonia transfer device; CD, conductivity 
detector; w, waste; PPWD, parallel plate wet denuder; WT, water trap; MFC, mass flow controller; AP, air pump; IC, ion chromatograph; v, vent. 
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chromatography was accomplished on an ICS-1500 ion chromato
graphic system (10 mmol L− 1 methanesulfonic acid eluent at 0.35 mL 
min− 1, two IonPac CS12A 2 × 250 mm separation columns at 40 ◦C, 
CDRS 600 2 mm suppressor with recycling mode at 11 mA, TCC-LP1 
cation concentrator instead of a sample loop, all from Dionex or 
Thermo Fisher Scientific). 

2.2. Ammonium detection system 

A CRD 200 2 mm carbonate removal device (Dionex) was used as the 
ammonia transfer device, ATD, and its schematic is shown in Fig. 1A. 
The ATD consists of a gas-permeable membrane tube with a silicone 
coating (0.2 mm i.d., 0.3 mm o.d., 100 cm length) placed inside an outer 
tube (1.0 mm i.d., 1.6 mm o.d.). The donor and receptor solutions 
respectively flow outside and inside the silicone coating membrane tube. 
Fig. 1B depicts the diagram of ATD-CD for NH4

+ detection. The sample 
(NH4

+) is concentrated on a cation concentrator, CC (IonPac TCC-LP1, 
Dionex). After loading the sample, an injection valve, IV (Cheminert 
C2, Valco Instruments), is switched to the injection mode. The donor 
solution (NaOH), pumped by a peristaltic pump, PP (Rabbit, Rainin), 
elutes the NH4

+ retained in the CC. The NH4
+ is converted to NH3 by the 

reaction with NaOH in the process of being sent to the ATD located in an 
oven, O (CTO-6A, Shimadzu). In the ATD, the gaseous NH3 permeates 
the silicone coating porous membrane and dissolves in the receptor 
solution (H2O) being pumped by the PP. Of the total ammonia (NH3 +

NH4
+) dissolved in H2O, the NH4

+ is detected by a conductivity detec
tor, CD (CDM-1, Dionex). 

The detector signals are recorded on a personal computer with a 
sampling interval of 0.5 s via an AD converter (midi LOGGER GL240, 
GRAPHTEC) under software control (GL100_240_840-APS, 
GRAPHTEC). 

2.3. Field measurement of gaseous ammonia 

Comparative field measurements of gaseous NH3 among the ATD-CD 
and ion chromatographic system were conducted during June 2021 at 

Kuramoto Campus of Tokushima University, located in the western part 
of Tokushima, Japan (34◦04′N, 134◦30′E). The ambient air was sampled 
from the fourth-floor north window of the Education and Research 
Building of the Faculty of Pharmacy. In this area, vegetables such as 
sweet potatoes are flourishing. To the south of the sampling point rises 
Mount Bizan (290 m above sea level), and 8 km to the east lies the Kii 
Channel (strait). 

Fig. 1C shows the schematic diagram of the ambient NH3 monitor, a 
lab-made parallel plate wet denuder, PPWD coupled ATD-CD. The air 
sample was drawn at 5.0 L min− 1 using an air pump (DP-40V, VACU
TRONICS) and a mass flow controller, MFC (8500MC, KOFLOC). A 
disposable filter unit (9900-05-BK, Parker Hannifin) was placed up
stream of the MFC as a water trap, WT. The PPWD quantitatively collects 
water-soluble gaseous components in the denuder liquid, H2O, which 
flows through the inner wall of the PPWD at 0.25 mL min− 1 plate− 1 

[24–27]. The effluent from one gas collection plate was delivered online 
to the ATD-CD. The other sample from the PPWD was simultaneously 
pumped to the ion chromatographic system, IC, to compare with the 
ATD-CD data. For the field measurement of gaseous NH3, both the NH4

+

detection systems were operated with 30 min time resolution (20 min 
sample loading to the CC, 10 min injection mode of the IV). In this case, 
the air volume collected in one analysis is 50 L per detection system. 
Calibrations were performed offline by injecting standard solutions of 
NH4

+. 

3. Results and discussion 

3.1. Optimization of ammonia transfer device-conductivity detector 

The elution duration of NH4
+ from the CC, donor concentration and 

its flow rate, receptor flow rate, and ATD temperature were optimized 
by analyzing NH4

+ standard samples. Unless otherwise stated, 125 µL of 
1 mmol L− 1 NH4

+ was injected into the ATD-CD operated with 0.5 mL 
min− 1 of donor (5 mM NaOH)/receptor (H2O) flow rates at room 
temperature. 

The time required for the elution of NH4
+ from the CC was 

Fig. 2. Optimization of the NH4
+ detection system, n ≥ 2. 

(A) Elution duration from the cation concentrator, oper
ated at 125 µL of 1 mmol L− 1 NH4

+ sample, 5 mM NaOH 
donor@0.5 mL min− 1, H2O receptor@0.5 mL min− 1, 
room temperature. (B) Donor (NaOH) concentration, 
operated at 125 µL of 1 mmol L− 1 NH4

+ sample, 10 min 
elution duration, NaOH donor@0.5 mL min− 1, H2O re
ceptor@0.5 mL min− 1, room temperature. (C) Donor 
(NaOH) flow rate, operated at 125 µL of 1 mmol L− 1 NH4

+

sample, 10 min elution duration, 30 mmol L− 1 donor, 
H2O receptor@0.5 mL min− 1, room temperature. (D) ATD 
temperature, operated at 100 µL of 50 µmol L− 1 NH4

+

sample, 10 min elution duration, 30 mmol L− 1 

donor@0.6 mL min− 1, H2O receptor@0.6 mL min− 1. H, 
NH4

+ peak height; Rs, resolution between two NH4
+

peaks obtained by sequential sample injection, calculated 
by Rs = 1.18 (t2 – t1) / (W0.5,2 + W0.5,1) where t1 and t2 are 
the time of two NH4

+ peaks (peak 1 appears first), and 
W0.5,1 and W0.5,2 are the peak width at half-height for 
peaks 1 and 2; W0.5, NH4

+ peak width at half-height.   
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investigated. Acid solutions are generally used to elute cations from 
cation exchange resins. However, acids such as hydrochloric acid 
permeate the porous membrane used in the ATD and dissolve in the 
receptor, potentially interfering with the detection of NH4

+. The [NH3]/ 
[NH4

+] in the eluent increases as the eluent pH increases, and the 
amount of NH3 permeating the porous membrane can be expected to 
increase. Therefore, NaOH solution was tested as the eluent and donor. 
Fig. 2A shows the NH4

+ peak height, H, and resolution between two 
NH4

+ peaks, Rs as a function of elution duration, i.e., the time the NaOH 
eluent flows through the CC. The H remained nearly constant at all 
elution duration, but the Rs improved with the elution duration 
increased. We selected 10 min as the time needed for the NH4

+ elution, 
as it achieved 1.5 resolution (complete separation, see Fig. S1) in the 
shortest time. 

As shown in Fig. 2B, the H and NH4
+ peak width at half-height, W0.5, 

rose gradually with NaOH donor concentration. The donor pH domi
nated the [NH3]/[NH4

+]. At 30 mmol L− 1 NaOH donor, where the H 
reached a plateau, the theoretical [NH3]/[NH4

+] was calculated to be 
1687 from the Henderson-Hasselbalch equation with pH = 12.47 and 
acid dissociation constant of ammonia, pKa = 9.25 [29]. On the other 
hand, the theoretical value of [NH4

+]/[NH3] in the receptor solution 
(H2O, pH = 7.00) was calculated to be 179. 

The axial dispersion of the sample in the donor/acceptor channels 
may result in a decline of detection sensitivity due to the broadening of 
the NH4

+ peak. Fig. 2C shows the effect of donor flow rate on the H and 
W0.5. As the flow rate increased, the W0.5 decreased, and the NH4

+ peak 
became sharper, while the H reached a plateau at 0.6 mL min− 1. We 
chose the donor flow rate of 0.6 mL min− 1 to account for the reagent 
consumption. Matching the receptor and donor flow rates allowed us to 
flow both the donor/receptor solutions with a single peristaltic pump. 

Temperature, of course, will play the most vital role in deterring the 
amount of NH3 permeating the porous membrane. The rate of NH3 
permeability should be linearly related to the vaporization of NH3 in the 
donor, which increases rapidly with temperature. The H increased 
dramatically with increasing the ATD temperature, as shown in Fig. 2D. 
Although the H was expected to grow beyond 70 ◦C, we decided to set 
70 ◦C as the ATD temperature in consideration of the durability of the 

module. 

3.2. ATD-CD performance 

One hundred microliters of 100 µmol L− 1 NH4
+ were analyzed with 

the optimized ATD-CD (10 min elution duration, 30 mmol L− 1 NaOH 
donor at 0.6 mL min− 1, H2O receptor at 0.6 mL min− 1, 70 ◦C ATD 
temperature). The ammonia permeability through the ATD was deter
mined to be 74.0 ± 0.5% (n = 3) using ion chromatographic quantitation 
of NH4

+. Ammonium was detected as ammonium hydroxide. A 
quadratic calibration equation must be used for quantitation. The limit 
of detection, LOD (S/N= 3) for NH4

+ and the repeatability for 100 µmol 
L− 1 NH4

+ were 0.865 µmol L− 1 (corresponding 86.5 pmol NH4
+) and 

2.75% (n = 5), respectively. The LOD of our conductometric NH4
+

detection system was inferior to the fluorometric FIA based on NH4
+ and 

o- phthalaldehyde/sulfite reaction: 0.009 µmol L− 1 (corresponding 1.8 
pmol NH4

+) [15], but meanwhile, comparable to the spectrophoto
metric flow analysis, e.g., gas diffusion separation/spectrophotometric 
FIA using Berthelot reagent: 0.278 µmol L− 1 (corresponding 104.2 pmol 
NH4

+) [16], gas permeation/spectrophotometric FIA using Cresol Red 
indicator: 0.222 µmol L− 1 (corresponding 66.7 pmol NH4

+) [17]. The 
above fluorometric/spectrophotometric systems required reaction re
agents for NH4

+. On the other hand, the only reagent needed in our 
ATD-CD is NaOH, which was used to convert NH4

+ to NH3, and no re
agent was required for the conductometric detection of NH4

+. In addi
tion, our NH4

+ detection approach is several times more sensitive than a 
recently reported conductometric method: gas diffusion 
unit/dual-channel C4D (capacitively coupled contactless conductance 
detector) combined FIA (LOD: 1.85 µmol L− 1, corresponding 1850 pmol 
NH4

+) [21]. 

3.3. Field measurement 

In June 2021, we successfully operated the PPWD coupled optimized 
ATD-CD for near-real-time monitoring of gaseous NH3 in Tokushima, 
Japan. Fig. 3 shows the typical signal output of the ambient air sample. 
Baseline resolution was achieved in a 30 min analytical window. This 

Fig. 3. Typical instrument signal output for a 30 min cycle, sampled from 01:36 to 05:35 on June 5, 2021, in Tokushima, Japan. The inset shows the calibration 
curve obtained from the NH3 signal, n = 2. 
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half-hourly observation allowed us to track a diurnal variation of NH3 in 
the atmosphere. The inset and Fig. S2 show, respectively, the calibration 
curve and signal output in the NH3 range of 0–400 nmol m− 3 for a 50 L 
air sampling. The peak height of the conductivity signal (µS cm− 1), H, 
can be expressed as follows. 

H = − − 0.00000844C2 + 0.00917C − − 0.0502 (1)  

where C is the gaseous NH3 concentration (nmol m− 3). The 

determination coefficient of the quadratic calibration equation was 
satisfactory (r2 = 0.997), and the limit of quantification, LOQ (S/N =
10), was calculated to be 11.4 nmol m− 3. 

Fig. 4 shows the temporal variations of atmospheric NH3 concen
tration, temperature, and relative humidity in Tokushima over 5 days. 
All ambient samples over the observation period (n = 186) contained 
NH3 above the LOQ. The averaged NH3 concentration varied widely 
from 16.5 to 303.8 nmol m− 3 with an average of 113.0 ± 52.8 nmol m− 3 

and a median of 109.4 nmol m− 3. The NH3 concentration continued to 

Fig. 4. Temporal variations of atmospheric NH3 concentration measured by PPWD coupled ATD-CD and meteorological data in Tokushima, Japan.  

Fig. 5. Scatter plot of the atmospheric NH3 concentrations detected by ion chromatographic system, IC and ATD-CD in Tokushima, Japan. n = 186. The line shown is 
the 1:1 correspondence line, not the best-fit line. 
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decrease during the rain period (noon on June 3 – early morning on June 
4). Since gaseous NH3 has high water solubility [26], it is easily scav
enged by rainwater and removed from the atmosphere. After the rain 
stopped, high NH3 spikes were observed every night between 1 and 3 
AM. During this time of day, low temperature and high relative humidity 
limited the formation of NH3 by its vaporization from semivolatile 
ammonium salts such as NH4NO3. Wind velocity and direction are vital 
factors to determine the level of air pollutants. The Kii Channel’s strait 
lies 8 km east of the sampling point. During the night, when the high 
NH3 spikes were observed, the land breezes (northwest wind) were 
blowing from the direction of the significant NH3 sources, fertile 
farmlands. 

The ambient NH3 collected by PPWD was measured simultaneously 
by ion chromatographic system, IC with 30 min time resolution (n =
186). The average and median concentrations of gaseous NH3 were 
116.0 ± 45.3 nmol m− 3 and 114.5 nmol m− 3, respectively. This aver
aged concentration agreed well with the data detected by ATD-CD, the 
concentration ratio (IC/ATD-CD) being 1.03 ± 0.62. Fig. 5 depicts the 
comparison of gaseous NH3 concentration measured by IC with the data 
from ATD-CD. The data show excellent agreement, and the best-fit line 
can be calculated as follows. 

CIC = (0.953 ± 0.019)CATD− CD + (6.26 ± 1.15) (2)  

where C IC and C ATD-CD are the NH3 concentrations detected by IC and 
ATD-CD with 30 min time resolution, respectively. We consider that the 
best-fit slope of 0.953 and the correlation coefficient of 0.964 are 
excellent. A small number of amines in the atmosphere would permeate 
the silicone coating porous membrane of ATD. However, the interfer
ence seems limited because of the excellent agreement between the 
ATD-DC and IC results. 

In summary, we have demonstrated a simple gaseous NH3 monitor, 
PPWD coupled ATD-CD, which allows continuous monitoring of atmo
spheric NH3 with 30 min time resolution. 
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