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A multi-pumping flow system with improved mixing conditions is proposed for chemilumi-
nescent determination of ammonium in natural waters. The system includes a gas-diffusion
unit, a Y-connector made of sintered glass particles (100–200 mesh), and a chemiluminometric
detector. System configuration, flow rates, reagent concentrations, pH, and reactor lengths
were optimized. The analytical curve is linear from 0.3 to 5.0mgL�1 N-NH4, and the detection
limit is estimated as 0.02mgL�1 at the 99.7% confidence level. The system handles about
50 samples per hour, requires 3.1 mg of active chlorine and 0.11mg of luminol per
determination, and yields precise results (RSD<1.2%, n¼ 10) in agreement with those
obtained by the spectrophotometric indophenol blue method.

Keywords: Flow analysis; Ammonium; Multi-pumping; Chemiluminescence; Water analysis

1. Introduction

Chemiluminescent (CL) analytical techniques are receiving increasing attention due to

their inherent characteristics of sensitivity, detection limit, dynamical concentration

range, etc. As an external radiation source is not required, source instability, stray light,

and background radiation are not usually limiting factors.
CL is amenable to be implemented in a flow system, and the related analyser usually

presents high versatility, simplicity, and ruggedness [1, 2]. CL reactions are usually fast,

and this is often a limiting factor in the flow system design. Rapid mixing of the

solutions yielding the light emission, preferably close to the detector, may circumvent

this limitation [2]. This is better accomplished in a multi-pumping flow system (MPFS)

[3–5], which allows efficient and reproducible solution mixing.
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MPFS comprises several discretely actuated solenoid micro-pumps acting as insertion

ports, propelling devices and mixing elements. Their exploitation allows the design of

fully mechanized, highly versatile systems characterized by improved mixing conditions.

Moreover, reagents are not continuously inserted but timely added to the sample zone,

thus reducing consumption of reagents. Another relevant feature of MPFS is the pulsed

flow, which leads to a chaotic solution movement thus providing rapid mixing

of sample/reagents under low dispersion conditions [4]. This aspect makes MPFS

attractive for chemiluminescent determinations.
Mixing conditions can also be improved through the efficient addition of merging

streams, and the geometry of the connectors plays a relevant role in this context [6].
Gas diffusion units have often been coupled to flow analysers for monitoring volatile

species [7, 8]. Ammonia collection by an acceptor stream can be accomplished in an

MPFS with a gas-diffusion unit, and the approach can minimize matrix effects and

provide a sensitivity enhancement by in-line analyte concentration.
Ammonium concentration in natural waters is related to the nutrient availability.

High concentrations may increase the biological activity, leading often to toxicity as

well as to alterations in taste and smell [9]. In water plant treatments, ammonium

monitoring is required for decision making related to quality of the water to be

consumed.
CL procedures for ammonium determination usually involve analyte oxidation by

hypobromite [10] or hypochlorite [11] and further radiation emission resulting from the

luminol oxidation by the remaining oxidizing agent. This latter reaction has been

exploited in relation to immobilized or electro-generated chemiluminescent reagents

[12], core wave-guides for sensitivity enhancement [13] or proposal of a portable

analyser [3].
The aim of this work was then to develop an improved MPFS exploiting gas-

diffusion for CL determination of ammonium in natural waters. The method relies on

the oxidation of luminol by hypochlorite under acidic conditions. To guarantee

enhanced sample/reagent mixing, lower sample dispersion and higher sampling rates,

a specially designed Y-connector made of sintered glass beads was used.

2. Experimental

2.1 Samples, standards, and reagents

The solutions were prepared with freshly deionized water (conductivity <0.1 mS cm�1)

and chemicals of analytical-grade quality.
The samples were collected into 100-mL polyethylene bottles, filtered through

0.45 mm cellulose membrane filters, and analysed on the same day [14].
The weekly prepared stock standard solution (300mgL�1 N-NH4 in 0.01mol L�1

HCl) was based on NH4Cl. Working standards within the 0.30–6.00mgL�1 N-NH4

range were prepared daily by water dilutions of the stock solution.
The 5.0� 10�3mol L�1 luminol solution was prepared by dissolving 88.8mg in

100mL of a 0.3mol L�1 carbonate buffer solution based on Na2CO3, with the pH

adjusted to 10.5. The reagent was stored in an amber flask and maintained in a
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refrigerator when not in use. The daily prepared 0.1% (w/v) active chlorine solution was
based on an iodometrically standardized [15] 5.0% (w/v) NaClO2 solution.

2.2 Apparatus

The solenoid micro-pumps (Bio-Chem Valve Inc., Boston, MA) with a stroke volume of
8 or 25 mL were actuated through the ULN 2003 integrated circuit. The gas-diffusion
unit and the chemiluminometric detector (40-mL flow cell) were similar to those already
described [7, 16]. Coiled reactors and transmission lines were made from 0.8mm i.d.
PTFE tubing. The Y-connector (figure 1) was made by adding glass particles (100–200
mesh) inside a conventional open tubular glass connector, and sintering inside a muffle
furnace.

A microcomputer with a model PCL-818L Advantech interface card performed data
acquisition and treatment, as well as system control. Software was developed in
Quickbasic 4.5.

2.3 Flow diagram

An MPFS without the gas-diffusion unit (figure 2a) was initially designed to allow the
evaluation of the main involved parameters. It comprised four micro-pumps for
propelling and directing the luminol, hypochlorite, buffer, and sample solutions.

The analytical cycle started by pumping the carrier stream (P4 pump on), thus
washing the analytical path. Thereafter, the P4 pump was switched off, and the other
pumps on, in order to add the hypochlorite and the sample solutions (�confluence) as
well as the luminol reagent (y confluence). Consequently, ammonium underwent
oxidation to chloramines, and luminol reacted with the remaining hypochlorite inside
the B1 reactor. After a pre-selected time interval, the P1, P2, and P3 pumps were
switched off, and the P4 pump was turned on, directing the sample zone towards
detection. Passage of the sample through the detector resulted in a transient decrease in

Figure 1. Y-connector. (a) sintered glass. Manifold tubing is attached by means of external Tygon gloves.
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emitted light intensity, which was quantified at 420 nm and recorded as a peak.
The peak height was then inversely proportional to the analyte content in the sample.

The analytical signal (�I) was calculated as the difference in heights of the peaks
recorded in the absence (IA) or presence (IB) of ammonium.

For selectivity enhancement, an analogous system incorporating a gas-diffusion unit
(figure 2b) was designed. P1–P4 pumps were operated as mentioned above, whereas the
P5 and P6 pumps were used for propelling the sodium hydroxide and hydrochloric acid
solutions, respectively.

In this system, the P3 and P5 pumps were switched on, directing the selected volumes
of sample and alkaline solutions towards the z confluence. Ammonium was converted
to ammonia inside the following B2 reaction coil, which diffused through the PTFE
membrane towards the acidic collector stream. This stream was stopped during the
gas-diffusion step, so the analyte was concentrated in line, leading to a sensitivity
enhancement. Next, the P1, P2, and P6 pumps were switched on, in order to add the
luminol, hypochlorite, and acceptor solutions, respectively. These micro-pumps were
thereafter turned off, and the sample zone was directed towards detection through

Figure 2. Flow diagrams of the MPFS without (a) and with (b) the gas diffusion unit. S: sample;
C1: carbonate buffer (0.3mol L�1, pH 10.5); C2: 0.1mol L�1 NaOH; R1: 0.0025% hypochlorite;
R2: 5.0� 10�3mol L�1 luminol; A: 0.005mol L�1 HCl; Pi: micro-pumps; Bi: reactors; GD: gas-diffusion
unit (PTFE membrane in traced line); x and z: conventional connectors; y: glass sintered Y-connector; x–y:
transmission line; D: detector (420 nm); W: collecting flask for waste disposal.
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actuation of just the P4 pump. Further sample processing and analytical signal
attainment were analogous as described above.

2.4 Procedure

The main parameters related to the 2A system, such as sample volume, flow rates, and
reagent concentrations, were optimized by the univariate method, aimed at a
compromise involving sensitivity, repeatability, sampling rate, and reagent consump-
tions. To this end, the working standard solutions were processed in triplicate after
every modification of the system. Parameters more closely related to the gas-diffusion
step were investigated by adding the gas-diffusion chamber to the manifold (figure 2b).
The main figures of merit of the resulting MPFS were evaluated, and the system was
applied to the water analyses.

For accuracy assessment, different samples (tap water, river water, and wastewater)
were also analysed by the phenate method, which involved formation of the indophenol
blue compound, and spectrophotometric measurement at 640 nm.

3. Results and discussion

3.1 Evaluation of the system without gas diffusion

Influence of the sample volume, defined by pump stroke volume and number of pulses
[17], was investigated for the largest pump (25mL stroke) by varying the number of
pulses between 3 and 15, meaning sample volumes within 75 and 375 mL. The system
depicted in figure 2(a) was used and, for each variation in number of pulses, the
hypochlorite and luminol reagent volumes were varied accordingly.

The effects of hypochlorite and luminol concentrations were investigated within the
0.001–0.025% (w/v) and 1.0–7.5� 10�3mol L�1 ranges, and the best sensitivity was
attained with 0.0025% (w/v) and 5.0� 10�3mol L�1, respectively.

Regarding sample volume, increasing the number of pulses from three to eight
increased the �I value in an asymptotic manner. Beyond eight pulses, no further
improvement in sensitivity was noted, and sampling rate deteriorated. As a compromise
between sensitivity and sampling rate, five pulses were selected.

The influence of reactor length was investigated between 5 and 40 cm. A �I increase
with the reactor length was always noted, the effect being more pronounced for shorter
reactors (<15 cm). The tendency was also noted for longer reactors, yet with less
intensity, and is a consequence of the relatively slow ammonium oxidation by
hypochlorite. This parameter was then selected as 15 cm. The use of such a short
reactor was possible in view of the improved mixing conditions determined by the
establishment of a pulsed flow and by the use of the special connector. In fact,
reproducible measurements (RSD<2%) were always attained. It should be emphasized
that a 30% decrease in analytical signal was noted by replacing the Y-connector by a
conventional one.

Total flow rate is also a relevant parameter because if the flow rate is too low or too
high, the maximum intensity of the emitted radiation would occur before the sample
reached the detector or even after leaving it. As the pump strokes were fixed, the
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influence of total flow rate was investigated by varying the pulse frequency between 100
and 300min�1. In this way, changing the time intervals corresponding to the stop
periods determined the variations in total flow rate. No significant variations in �I were
noted, thus confirming that diffusion is not relevant when the sample is stopped. This
aspect corroborated earlier findings. It should be noted that, when the stopped-flow
approach was conceived [18], diffusion during the stop period was considered as
irrelevant. For longer reactor lengths, higher flow rates should be selected, thereby
increasing the consumption of reagents. The pulse frequency was then selected as
200min�1, meaning a 5.0mLmin�1 total flow rate.

Another relevant parameter was the pH of the reaction medium, and the best results
were obtained for a pH of 10.5. This value is in close adherence with earlier work [19].
It should be noted that no analytical signals were obtained for pH<9.5 or pH>12,
thus emphasizing the need for proper system buffering.

In order to verify the feasibility of applying the system without gas diffusion
(figure 2a) to water analyses, the influence of potential interfering ions was investigated.
To this end, different solutions with 0.00 or 1.68mgL�1 N-NH4 containing also one of
the tested ions were prepared and introduced into the system. Naþ, SO2�

4 , Kþ, Cl�, and
NO�

3 did not interfere, even under a 1000-fold molar ratio, as peak height deviations
were lower than 5%. Br�, Ca2þ, and Mg2þ were tolerated up to 100-fold molar ratios;
Zn2þ, Al3þ and phosphate were tolerated up to 10-fold. At similar molar ratios, Mn2þ,
Ni2þ, Cu2þ, Fe2þ, and Fe3þ yielded a significant chemiluminescence quenching. In view
of these pronounced interfering effects, it was decided to exploit in-line gas diffusion,
and the MPFS modified in order to include the gas-diffusion chamber.

3.2 Evaluation of the system with gas diffusion

The influence of the acceptor stream concentration was investigated in order to provide
guidelines for designing the MPFS (figure 2b) to be applied to water analysis. The
concentration of the acceptor stream was varied between 0.001 and 0.05mol L�1 HCl,
and the highest �I values were noted for 0.005mol L�1. The decrease in analytical
signal observed for higher acidities is a consequence of the lower pH of the reaction
medium. The concentration of the acceptor stream was then selected as 0.005mol L�1

HCl; with this relatively low acidity, it was not necessary to modify the previously
defined reagent concentrations.

The influence of alkalinity of the donor stream was studied by varying the NaOH
concentration (up to 1.0mol L�1) of the sample carrier stream (C2; figure 2b). Only slight
differences in analytical signals (<5%) were noted within 0.1 and 1.0mol L�1 OH�, so
the lower value was selected. The influence of flow rate of the donor stream was
investigated within 0.82 and 5.0mLmin�1 by varying the pulse frequency related to the
S and C2 streams. The best sensitivity was verified for a pulse frequency of 252min�1 that
corresponds to 0.82mLmin�1. This value reflects individual 0.20 and 0.62mLmin�1

flow rates for the sample and C2 solutions provided by the 8- and 25-mL pumps.
In order to enhance sensitivity, the possibility of stopping the acceptor stream during

the gas-diffusion step was investigated. The alkaline sample zone was continuously
flowing during the gas-diffusion process, and thus the in-line analyte concentration was
attained. The number of pulses related to S and C2 streams (figure 2b) was varied
during the stop period, and the best results were noted for 20 pulses. Increasing this

82 K. L. Marques et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
3
3
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



manifold parameter beyond this value increased the �I value but also led to a decrease

in sampling rate.
The length of the B2 reactor was also investigated and selected as 20 cm. Despite this

short reactor, measurements were precise (RSD<1.2%), thus emphasizing the good

mixing conditions provided by the pulsed flow.

3.3 Application

The proposed system (figure 2b) involves the addition of five pulses of the sample

solution (125mL), simultaneously with the luminol and hypochlorite reagents, a stop

period of 0.8min, a 5.0mLmin�1 total flow rate, and a 15-cm B1 reactor. This was

applied to the analysis of surface and waste waters.
The linearity of the analytical curve was verified between 0.3 and 5.0mgL�1 N-NH4,

and the detection limit was estimated [20] as 0.02mgL�1. These figures allowed

the determination of ammonium at the concentration levels defined by the

European legislation for water for human consumption [21]. A typical analytical

curve is described as:

�I ¼ �17:03Cþ 3:36 r ¼ 0:997, n ¼ 7,

where �I is the difference in blank and analytical signals (mV), and C is the analyte

concentration (mgL�1 N-NH4).
The sampling rate is about 50 h�1, meaning 3.1 mg of active chlorine (or 62 mg of

sodium hypoclorite) and 0.11mg luminol per determination. This low consumption of

reagents is a consequence of the exploitation of pulsed flows and use of the

Y-connector. Under improved mixing conditions, shorter reactors are required, thus

lessening the sample and reagent amounts. Baseline drift is not noted after 8-h

operation periods, thus emphasizing the system ruggedness.
The proposed system yields precise results (RSD usually <1.2%) in agreement with

the reference procedure (table 1). This agreement is described by D¼ 1.0067,

R� 0.0441, where D and R are the results obtained by the developed and the reference

methods, respectively, with a correlation coefficient of 0.9997. A student t-test further

Table 1. Ammonium concentrations (mgL�1) in natural waters as determined by the proposed and
reference [14] methods.

Sample Proposed Reference Relative deviation (%)

Tap water 1 nd 0.19 –
Tap water 2 nd 0.17 –
River water 1 0.65� 0.01 0.64 þ1.56
River water 2 0.77� 0.01 0.75 þ2.67
River water 3 1.08� 0.08 1.02 þ5.90
River water 4 0.95� 0.01 0.92 þ3.26
Waste water 1 1.16� 0.05 1.21 �4.13
Waste water 2 18.5� 0.83 18.1 þ2.18
Waste water 3 18.1� 1.2 18.4 �1.65
Waste water 4 30.6� 0.28 30.9 �0.98

nd: not detectable.
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confirmed this agreement: the estimated t-value (0.842) was lower than the tabulated
value (2.37) for a confidence level of 95% (n¼ 7).

To evaluate the interfering effect of several ionic species commonly present in water
samples, a 1.68mgL�1 ammonium standard was run by the developed procedure (with
gas diffusion) in the presence of increasing amounts of interferent. Results confirmed
the good selectivity provided by the utilization of a gas-diffusion unit reported in
previous works [7, 8].

4. Conclusions

The proposed system for CL determination of ammonium in natural waters exploits the
simplicity, versatility, and ease of operation of MPFS by coupling a gas-diffusion cell
that enables implementation of an in-line separation/concentration step. A stopped
acceptor stream collected the analyte. The pulsed nature of the flowing stream
generated by solenoid micro-pumps, combined with the inclusion of a special sinterized
glass Y-connector for merging streams, provided improved mixing conditions, and
so the results were precise, and reagent consumptions were low.

The proposed system is a good alternative for ammonium determination in water
analysis, as it does not require the use of large amounts of hazardous or toxic reagents.
This follows the general tendency towards a clean chemistry. The present procedure
uses very known and easily available chemicals. The favourable characteristics of
CL-based procedures are enhanced, as the MPFS-CL hyphenation led to a simple, fully
automated and rugged system able to handle 50 samples per hour in spite of the
involved in-line analyte separation/concentration step.

The use of solenoid micro-pumps as solution drivers, propelling devices, and
commuters, as well as the use of a simple luminometer resulted in a low-cost and highly
versatile analyser. This latter aspect became evident when gas diffusion was
implemented: system reconfiguration was easily accomplished.
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