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The automatic titrator based on a multicommutated unsegmented flow system was applied to redox 
titrations and used for oxidability determination in waters analysis. This automatic titrator allows the 
attainment of complete titration curves, being the determination of titrand concentration performed 
without requiring any prior calibration. After sample treatment (oxidation step), the oxidability deter- 
mination in waste water samples was accomplished by the automatic flow titrator (titration step). 
Repeated determinations of standard solutions gave a 3.5% RSD (n=10, 0.01OM) for repeatability 
and a 3.2% RSD (n=2, 0.057M) for reproducibility. Samples results (n=9) were in good agreement 
(i-test) with those obtained with a reference procedure. 

Keywonls: Multicommutated flow system; automatic flow titrator; oxidability; waste water; spectro- 
photometry 

INTRODUCTION 

The growing population and the increment in agricultural and industrial activities 
are endangering water quality calling for new monitoring methodologies for the 
control of natural and residual water quality[14]. 

One of the parameters used for water monitoring is oxidability that is related to 
the chemical oxygen demand and gives an indirect measure of the quantity of 
organic material present in water. The reference methodologyr5] for the oxidabil- 
ity determination is based on the organic material oxidation, in acid medium, fol- 
lowed by titration. It is a manual time-consuming method that provides results 

* Corresponding author. Fax: +35 1-22-2004427. 
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316 CRISTINA M.N.V. ALMEIDA et al. 

dependent on the operator skills and, thus, being a limitation for routine analyses 
of laboratories responsible for the effluents control. 

Several flow-based systems dealing with the development of automatic meth- 
ods for organic material determination (chemical oxygen demand, i.e. COD) 
have been proposed[""]. Potassium di~hromate[~~ '~]  and potassium permanga- 
nate[6*879] in acid medium or cerium sulphate["] with waterbathrC9] or oil- 
bath[' '] heating or assisted by microwaves[lol and with spectrophotometric 
detection[""] were used as oxidizing agents. All these methods are based on 
measurements carried out with different COD standard compounds (glucose, 
potassium hydrogenphthalate, sodium oxalate, sodium salicylate, sodium ace- 
tate, L-glutamic acid and lactose) to attain the sample results. 

The present work intends to perform the titration step of the reference method- 
ologies for the organic material determination (COD or oxidability) by an auto- 
matic titrator based on a multicommutated unsegmented flow system[12], which 
does not require prior calibration. It can be very useful to perform the titration 
step in the reference procedure for the oxidability or COD determination, making 
the whole procedure less tedious, or it can be easily coupled to flow systems[""l 
that perform the oxidation step of the organic material, making the whole proce- 
dure completely automatic but without the need for adequate standards. 

In this work the oxidability determination in waste water samples, after sample 
treatment (oxidation step), was accomplished by the automatic flow titrator 
(titration step). Potassium permanganate in acidic medium is used as oxidizing 
agent (oxidation step). After having added an excess of iron(I1) to the sample, the 
titration step was performed using potassium permanganate as titrant and spec- 
trophotometric detection[']. 

The titration strategy is based on sequential introduction of increasing titrant 
and decreasing titrand volumes in a reactor (mixing chamber). This system ena- 
bles to attain complete titration curves similar to those of batch titration systems, 
being the software developed able to control every step of the titration procedure, 
perform data acquisition and processing. 

The model end-point time determination for each titrand standard concentra- 
tion was tried out and proved to be suitable for the description of the analytical 
process. The flow system proposed allows to simulate batch titration procedures 
without requiring a calibration step because the determination of unknown 
titrand concentrations is carried out by an iterative procedure that based on the 
equations of developed model estimates the titrand concentration whose model 
end-point time corresponds to the experimental value. 

The results obtained were reproducible and in good agreement with those 
given by a reference procedure. 
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Titration strategy and equations of the theoretical model 

The commutating devices used in the developed multicommutated flow system 
were valves (V)[12] that presents two inlets, one (a) for the titrand (s) and another 
(b) for the titrant (t), and one outlet (c) that is the same for both leading to the 
reactor (R) (Figure 1). Considering that the flow-rate is constant throughout titra- 
tion, the volume change can be determined from the time values. 

Titration steps Introduction of Illustration Cycles (n) 

I Titrand 1 

2 Titrant 

W1 
Ilt 

[?+I] 

3 Titrand 

FIGURE 1 Schematic representation of the titration strategy. V commutating valve; s: titrand solu- 
tion; t: titrant solution; R: reactor (mixing chamber); a: titrand inlet; b: titrant inlet; c: outlet channel 
for both solutions (titrand and titrant); n cycles (the number of times a given titrant and titrand vol- 
ume are introduced in the system) 

The titration strategy proposed (Figures 1 and 2) is based on the sequential 
introduction of increasing titrant and decreasing titrand volumes in a reactor (a 
mixing chamber), after filling up with titrand, being these volumes determined 
by the valve commutation times. 

Prior to titration, some parameters are set, such as initial (b) and final (h) 
titrant time, total time of each cycle (tT) (kept constant throughout titration) and 
the titrant increment time (Inc). The titrand time (t,) in each cycle is equal to the 
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r 

Filling up of the mixing 
chamber with t i n d  

I I 

Y 

Read Abs 

FIGURE 2 Algorithm flowchart of tbe titration. and & Initial and final titrant times, respectively; 
4: titrand time (corresponds to the remainder left after subtracting the titrant volume to the total vol- 
ume of each cycle); tT: total time of each cycle; Inc: titraut time increment 
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OXIDABILITY DETERMINATION 319 

total time of each cycle subtracted by the titrant time of the present cycle 

First, the mixing chamber is filled up with titrand (Figure 1, step 1). Once titra- 
tion is started the first titrant volume (corresponding to the first titrant time, 
named b) is introduced in the mixing chamber (Figure 1, step 2). The initial 
titrant time (b) is the same or higher than the lowest time allowing the introduc- 
tion of an accurate volume (minimum volume) through the valve. The variation 
(reduction) of titrand concentration in the mixing chamber during introduction of 
titrant can be expres~ed[’~”~I by: 

(ts=tT-$). 

where C,(tJ is the variation of titrand concentration (mom) in the mixing cham- 
ber while titrant is being introduced; Cot the titrant initial concentration (mom); 
C,(t,,,) the titrand concentration (mom) in the mixing chamber before the intro- 
duction of titrant (for t=O it is the same as the initial titrand concentration); F, the 
flow-rate (Us); V, the chamber volume (L); (AtJ, the time (s) for titrant introduc- 
tion into the mixing chamber and n, the stoichiometric coefficient of the reaction 
(titrand + n titrant + products). 

The next step corresponds to the introduction of a titrand volume (correspond- 
ing to a titrand time, named t,) (Figure 1, step 3). The variation (increase) of 
titrand concentration over the introduction of titrand (increase usually smaller 
than the expected reduction derived from the introduction of titrant) into the mix- 
ing chamber can be by: 

where C,(t,) is the variation of titrand concentration (mom) in the mixing cham- 
ber throughout titrand introduction; Co,, the titrand initial concentration (mom); 
Cs(txl), titrand concentration in the mixing chamber after introduction of titrant 
(just before the introduction of titrand); F, the flow-rate (Us); V, the chamber 
volume (L) and (A&), the time of titrand introduction into the mixing chamber. 

The first cycle is hereby ended. This procedure is performed repeatedly 
(Figure 1, step 2 and 3), for n cycles, until the titrant time reaches the final time 
(b). The titrant volumes introduced in the mixing chamber are higher and higher 
(by a fixed increment) and the titrand ones lower and lower, thus a complete 
titration curve being obtained. Throughout titration procedure there is a succes- 
sive reduction of titrand concentration (though this increased slightly while 
titrand was being introduced) in the mixing chamber until the end-point is 
reached. Afterwards, there is an excess of titrant until titration is complete. 
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320 CRISTINA M.N.V. ALMEIDA et nl. 

At the end-point time the titrand concentration in the mixing chamber could be 
considered null (Cs(~)=O). This occurs during the introduction of titrant and thus 
at the model end-point time (t) eq. 1 becomes: 

where t is the model end-point time (s); V, the chamber volume (L); F, the 
flow-rate (Us); n, the stoichiometric coefficient of the reaction (titrand + n titrant 
+ products); C&), the titrand concentration (mom) in the mixing chamber just 
before the titrant introduction and Cot, the titrant initial concentration (mom). 

The data obtained from the titration process is stored in a local file for data 
processing, namely end-point calculation. The detector reaching time (which 
corresponds to the time necessary for the sample to reach the detector) is sub- 
tracted from the titration end-point time obtained. 

Determination of model end-point time and titrand concentration 

The determination of the model end-point time for each titrand standard concen- 
tration is based on eq. 1 (during titrant introduction) and eq. 2 (during titrand 
introduction), and corresponds to the titration time spent until the titrand excess 
swifts to titrant excess (eq. 3). The model end-point time will correspond to the 
titration time when a constant excess of titrant is attained because there is the 
possibility of briefly occurring an excess of titrant that is consumed by the next 
introduction of titrand. The determination of titrand unknown concentration 
(Figure 3) is canied out by an iterative procedure that based on the equations 
(eqs. 1 and 2) of the theoretical model estimates the titrand concentration the 
model end-point time (t) of which corresponds to the experimental value (tE). 
Therefore, the necessary subroutine allowing the determination of titrand con- 
centration was implemented (Figure 3). This subroutine determines the model 
end-point time corresponding to a simulated concentration interval. For the cal- 
culation, parameters like titrant initial concentration (Cot), mixing chamber vol- 
ume (V), flow-rate (F), initial (h) and final (ttf) titrant time, total time of each 
cycle (tT), titrant time increment (Inc) and stoichiometric coefficient of the reac- 
tion (n) must be known. Also parameters like simulated theoretical initial con- 
centration (C) and concentration increment (C,) must be chosen. After each 
assessment, the model end-point time obtained (t) and the experimental one (tE) 
are compared. If the value found is lower than the experimental one (t<tE), the 
system moves on to the next concentration (C,=C,+Ch,,) for the assessment of 
the new model end-point time. Only when the time assessed matches the experi- 
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OXIDABILITY DETERMINATION 32 1 

I t,=t, 

i c,=c 

r!=*l cs=cs+ ci, 

FIGURE 3 Algorithm flowchart for the determination of titrand concentration. @,: titrant initial con- 
centration; V chamber volume; F flow-rate; k and 4f: initial and final titrant time, respectively; tT: 
total time of each cycle; n: stoichiometric coefficient of the reaction; Ck: concentration increment 
value; C: theoretical initial concentration; tl: experimental end-point time; t2: model end-point time 
and Cti-: titrand concentration 
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mental value (t=tE) the titrand concentration corresponds to model one (C, 
trand=cs)- 

A 

Theore tical. 

Concentration (M) Ranges of the model 
end-point time 

- AtX%max 

- Atx%min 
____, 

r 
M-X% 

M - t  

M+X% I' + Atx%min *tX%maX 

B 

FIGURE 4 (A) Model end-point time ranges corresponding to a concentration interval of a% for a 
solution of concentration M; (B) Experimental end-point time range expected for the titration of the 
same solution and comparison with the model time interval that allows to obtain a concentration error 
(RD) less than XI 

Accuracy model 

The optimisation of the automatic titrator system is mainly dependent on the 
accuracy required for the results. Assessing the possibility to determine a titrand 
concentration with a maximum error of iX% (relative deviation, i.e. RD) 
requires the attainment of the model time range of that error (Figure 4A) as well 
as if the experimental values (values range) are within that range (Figure 4B). To 
find out the model time range of the error (*X%) it is initially necessary to calcu- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
5
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



OXIDABILITY DETERMINATION 323 

late, based on the theoretical model previously referred (eqs. 1 and 2), the model 
end-point times expected for concentrations differing X% from each other, as 
well as the difference between them (AtX%+oAtX%, which corresponds to the 
average and standard deviation of the time differences). Only concentrations dif- 
fering X% from each other and with different end-point times, named titratable 
concentrations, are considered in this calculus (concentrations differing X% with 
the same end-point time are excluded and cannot be titrated by the system). The 
model end-point time ranges corresponding to a concentration interval of +X% 
for a solution of concentration A4 (error ranges) can be calculated based on the 
Atx%*oAtxa value (t-AtX%max - t+AtX%- and t-Atx%min - t+Atx,min ranges, 
where t is the model end-point time for the concentration M) (Figure 4A). 

The experimental end-point times (values range) obtained when the same solu- 
tion (concentration M) is titrated must be within the minimum model end-point 
time range, i.e. t-Atx%min - t+Atx%in that establishes the minimum length, 
expressed as time, between concentrations differing X% from each other, to 
assure errors less than X% (Figure 4B). 

The accuracy of the experimental values was evaluated by titration of several 
standard solutions and subsequent comparison of the different end-point times 
obtained with those expected by the theoretical model. We name the differences 
found between model and experimental times experimental deviations (ED, 
meaning the expected deviations relative to the model time value). The determi- 
nation of the whole experimental time range expected when any concentration is 
titrated (this is the example with the M value) is carried out using the highest 
experimental deviation (ED,,) of the experimental deviation range (EDfoED) 
obtained with the standard solutions, being the time interval limits (t-ED, and 
t+ED,) calculated from the expected model end-point value (t) (Figure 4B). 

In order to obtain relative errors less than X%, the whole experimental time 
range expected for any concentration must be within the minimum model time 
range of the error (meaning that the ED,, value has to be equal or less than the 
AtX4bmin value) (Figure 4B). 

EXPERIMENTAL 

Reagents and solutions 

All chemicals used were of analytical-reagent grade and deionised water with a 
specific conductivity less than 0.1 pS cm-' was used throughout. 
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324 CRISTINA M.N.V. ALMEIDA er al. 

A potassium pennanganate solution prepared from the standard by dilution 
with deionised water was used as titrant and oxidizing agent. The acid medium 
was obtained using sulphuric acid. 

The iron(II) solutions (0.0084 - 0.34 M) prepared from ammonium iron(I1) 
sulphate were standardised by titration with potassium permanganate, which was 
also used for flow titrations. 

The samples were prepared (oxidation step) by the reference procedure151. 

Instrumentation and apparatus 

Omnifit Teflon tubing (0.8 mm i.d.) and connectors were used for manifold con- 
duits. A Perspex mixing chamber with a magnetic stirrer was used as reactor. 

A Valco two-position air actuated valve (Valco Instruments Co. Inc.) controlled 
by a Valco digital valve interface (DIV), actuated by TTL signals, was selected 
as switching device. This valve presented four ports but only three were used so 
that the same outlet channel was operated. The minimum volume introduced in 
the system in an accurate and reproducible manner was 2.3 pL (what was 
assessed by studying the commutation times and flow-rates that corresponded to 
0.3 s and 0.46 mUmin, respectively). The working characteristics of the valve 
(volumes introduced at different commutation times) were evaluated for more 
than 12 months and they were found stable (RD S 5%). 

A 486 microcomputer was used as control and data acquisition unit. The inter- 
face with the analytical system was made using an Advantech PCL-818L card. 
The control and data acquisition software was developed in Microsoft QuickBA- 
SIC 4.5. 

A Crison Model 2031 microburette aspirating pump placed at the end of the 
line was used to aspirate the solutions. 

A JENWAY 6300 spectrophotometer, with a flow-through cell (10 mm light 
path, 8-pL optical volume), was used as detector. 

The titration curves of the prior trials were recorded using a Kipp 8c Zonen 
recorder. 

RESULTS AND DISCUSSION 

Flow system manifold 

A schematic representation of the flow system developed is shown in Figure 5. 
An automatic burette placed at the end line of the system was used to keep a con- 
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OXIDABILITY DETERMINATION 325 

- 
REC 

stant flow-rate. A pneumatic actuated valve was used for the introduction of dif- 
ferent titrand and titrant volumes in the system and the commutation times were 
controlled by a microcomputer (occurring a direct relationship between commu- 
tation times and volumes). The different titrand and titrant volumes were sequen- 
tially introduced in the mixing chamber resulting in their immediate mixing. The 
monitoring of the analytical signal was accomplished spectrophotometricly at 
525 nm. The path lengths between the valve and the mixing chamber and 
between the latter and the detector were kept at the minimum value. 

. .  . .  . .  . .  . .  . .  . .  

....................... a : :  - .  

FIGURE 5 Schematic representation of the manifold developed. B: burette aspirating pump; S P  
spectrophotometer; REC: recorder; MC: mixing chamber (370 &); Q: flow-rate (0.46 d m i n ) ;  
DIV: Valco digital valve interface; M: microcomputer; V,: cornmutating valve; d,: path length 
between the valve and the mixing chamber (4 cm); dZ: path length between the mixing chamber and 
the spectrophotometer (20 cm) 

System optimisation 

For the evaluation and optimisation of the automatic flow titrator different con- 
centrations of iron(I1) standard solutions were titrated with potassium permanga- 
nate (Figure 6). The end-point time occurred at the intersection of the two 
straight lines (before and after the end-point). The detector reaching time previ- 
ously evaluated and used in the model was 20s. 

The accuracy evaluation of the titration system was based on the accuracy 
model already described. The accuracy intended for the results was less than 5% 
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(relative deviation) when compared with those obtained by the reference proce- 
dure. 

TABLE I litrant and titrand times and number of cycles needed to perform titrations with different 
initial (h) and final (b) titrant times and different titrant time increment (Inc) 

Initial titrant time (5) : Final titrant lime (s) 

Cyde (n) 

1 
2 
3 
4 
5 
6 
7 
8 

38 

49 

75 

0.3 : 7.7 

Tibant inaemenl (s) 

0.1 0.2 

ribant time (s) Tilrand time (s) Titrant Ume (s) Tilrand lime (s) 

0.3 7.7 0.3 7.7 
0.4 7.6 0.5 7.5 
0.5 7.5 0.7 7.3 
0.6 7.4 0.Q 7.1 
0.7 7.3 1.1 6.9 
0.0 7.2 1.3 6.7 
0.9 7.1 1.5 6.5 

Y 
0.3 

j 7.7 T T Y j 7.7 0.3 

7.7 0.3 

1.8 : 6.4 

Titrant increment (s) 

0.1 

Dtrant time (s) Tilrand time (s) 

1.6 6.4 
1.7 8.3 
1.8 6.2 
1.9 6.1 
2.0 6.0 
2.1 5.9 
2.2 5.8 

6.4 1.6 

The b, b, tT and Inc values selected for the determination of the At,, value 
and respective standard deviation (f0At5%) were 0.3s (lowest commutation time 
for a 0.46 d m i n  flow-rate), 7.7s, 8s and O.ls, respectively (Table 1). The value 
of the stoichiometric coefficient of the reaction (n) equals 0.2. The At5%ftsAt5% 
value was assessed using only the titratable concentrations (concentrations dif- 
fering 5% from each other and with different end-point times) that under the 
selected conditions corresponded to concentrations with end-point times from 
130s to 600s. Working under these conditions, the system run determinations at a 
concentration ratio of 40 (ratio between the higher and the lowest limit of the 
concentration interval). The At5%mAt,% value estimated was 6.5f2.5~ (Table 
II), using a concentration of 0.0089 M for the titrant solution and of about 
0.0084 M up to 0.34 M for titrand solutions. Hence, the At54bmin value accom- 
plished was 4s. 

For experimental purposes, different (n=9) iron@) standard solutions in con- 
centrations ranging from 0.0097 M to 0.32 M were titrated for several days (n=2) 
so as to determine the E D f o E D  (average and standard deviation of the experi- 
mental deviation, respectively) value, which was found to be -0.3sk4.1~ 
(Table III). 
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OXIDABILITY DETERMINATION 327 

In order to obtain relative deviations less than 5%, the ED-value (about 4s) 
has to be equal or less than the At5gmin (4s), what does usually occur. Therefore, 
under these conditions the system works according to the parameter previously 
set (RD less than 5%) (Table III). 

TABLE I1 Theoretical variation of Atxs values for concentrations differing (CD) by 5%. 10% and 
15% and for different titrant ('ti - h) and titrand (fi - tsf) time ranges and titrant time increment (Inc) 

0.3 - 7.7 0.1 6.5*2.5 4 10.8i4.3 6.5 15.4i5.8 9.6 

7.7-0.3 0.2 3.5i2.5 1 6.4*2.5 3.9 9.oi3.4 5.6 

1.6-6.4 

6.4 - 1.6 
0.1 7i2.4 4.6 12.7*3.7 9 17.7i5.5 12.2 

a. 'ti: initial titrant time and k: final titrant time. 
b. f i :  initial titrand time and tsf: final titrand time. 
c. Average and standard deviation. 

TABLE I11 Maximum experimental deviation (ED,,), maximum expected result error MERE 
(RDI)  and total titration time obtained with different titrant (b - b) and titrand (hi - hf) time ranges 
and tieant time increment (Inc) 

tsi - ts, a (s) tri - trfbrs) Inc (s) EDW (s) MERE (RD%) ~ o t d  titration time (s) 

0.3-7.7 0.1 4 *5 5% 600 

7.7-0.3 0.2 5.5 i15% 304 

1.6-6.4 0.1 5 i 5  % 392 
6.4-1.6 

a. 
b. 

f i :  initial titrand time and t~f: final titrand time. 
b: initial titrant time and ttf: final titrant time. 

The theoretical determination of the At% value and the titratable concentrations 
range when the relative deviations allowed diverged from the 5% was likewise 
performed. Relative deviations of 10% (the b, Gf, tT and Inc times being equal to 
0.3s, 7.7s, 8s and O.ls, respectively) corresponded to a Atlo% value of 10.8k4.3~ 

equal to 6.5s) (Table 11) and to a titratable concentrations ratio of about 
1 0 0  (ranging from 0.0029 M to 0.32 M when the titrant presented a 0.0089 M 
concentration); similarly, relative deviations of 15% (the b, ttf and Inc times 
being equal to 0.3s 7.7s and O.ls, respectively) corresponded to a At15a value of 
15.4i5.8~ equal to 9.6s) (Table 11) and to a titratable concentration 
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ratio of about 160 (ranging from 0.002 M to 0.32 M when the titrant presented a 
0.0089 M concentration). 

As the results relative deviation increased (10% or 15%), the ratio of titratable 
concentrations also increased due to the different model end-point times found 
for lower and lower concentrations. The At% values (10% and 15%) increased as 
well because the model end-point times of concentrations varying 10% or 15% 
from each other were much more divergent. 

Tih.ant time increment vs total titration time 

Aiming the reduction of the total titration time (from 600s to 304s) but with the 
same accuracy of the results (RD less than 5%), the experimental deviation was 
assessed for a titrant time increment of 0.2s (using the same initial and end titrant 
time, total time of each cycle and titrant concentration already used, i.e. 0.3s, 
7.7s, 8s and 0.0089 M, respectively) (Table I). 

According to the theoretical model, the At5, value decreased with the titrant 
time increment increase because of the smaller difference between end-point 
times that distinguish the concentrations varying 5% from each other. The value 
found for At5% was 3.5k2.5~ (Table 11). The increase of the titrant time increment 
promoted also the decrease of the range of titratable concentrations, the ratio of 
this being about 10 (concentration from 0.018 M to 0.18 M, with a titrant concen- 
tration of 0.0089 M). 

The experimental deviation (ED) found with five iron(II) (0.020 M - 0.11 M) 
standard solution was -1.3k4.2~. The ED,, value (about 5.5s) was higher than 
the At5qbmin value (1s) and, therefore, some results presented higher than 5% 
deviation when an increment of 0.2s was used. In some cases, the results present 
errors (relative deviation) close to the 15% since the experimental deviation 
presents an ED,, value of Atl5%- (Tables I1 and III). 

Initial and final tiaant time vs total titmtion time and titmtable concentration 

Reducing the interval between the initial and final titrant time (keeping the total 
time of each cycle and the titrant time increment constant, i.e. 8s and O.ls, 
respectively) causes the titratable concentrations to diminish as well as the total 
titration time, though the At5%value is kept constant. Therefore, using a titrant 
time of 1.6s (b) and 6.4s (b), a titrant time increment of 0.1 s, a total time of each 
cycle of 8s and a titrant concentration of 0.0089 M, the range of titratable con- 
centrations (with end-point titration time higher than 90s) was 0.013 M - 0.1 1 M 
(concentration ratio of about 10) and the total tieation time is 392s. The At5% 
value is 7k2.4~ (similariy to the Ats% value found when the b, ttf and tT times 
were 0.3s, 7.7s and 8s, respectively) (Table 11). 
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The experimental deviation determined with a set of seven iron(I1) standard 
solutions (0.03 M -0.10 M) on different days (n=2) was -1.623.4s. The ED,, 
value (about 5s) (Table 111) is nearly the same as the At5%omin value (4.6s) shown 
in Table 11. Hence, the results obtained hereby will present relative deviations 
less than 5%. 

Mixing chamber volume vs accuracy 

Theoretically, the influence of the mixing chamber volume in the model 
end-point times is about 8s for variations of the mixing chamber volume of about 
100 pL. Therefore, slight changes on the mixing chamber volume (determined 
by the fill-up time at a constant flow-rate) do not result in significant errors when 
the end-point times are evaluated. 

Experimentally, the effect of the chamber volume on the results attained was 
also evaluated. The titration of one standard solution (0.011 M) using titrant 
times ranging from 1.6s (b) to 6.4s (Gf) and a titrant time increment of 0.1s but 
with different chamber volumes (284 pL e 370 pL) presented similar experimen- 
tal deviations (-3.9s and - 4.7s, for 284 pL and 370 pL chamber volumes, 
respectively). From this it can be concluded that the accuracy of the results was 
quite independent of the chamber volume used. 

Evaluation of the automatic flow titrator 

Given the purpose intended (relative deviations less than 5% comparing to the 
reference procedure), the conditions selected were titrant time increment of 0.1 s, 
total time of each cycle of 8s and titrant times of 0.3s (b) and 7.7s (qf) or 1.6s 

Using standard solutions and operating the titrator system under the selected 
conditions, the effectiveness of the theoretical model, repeatability, reproducibil- 
ity and accuracy were evaluated. 

(b) and 6.4s (Gfh 

Effectiveness of the theoretical model 

The effectiveness of the theoretical model was proved by comparing the experi- 
mental end-point times attained by titration of several iron(I1) solutions (0.009 M 
- 0.32 M) with the model end-point times predicted by the theoretical model. 

Studying the correlation of experimental and model end-point times showed 
that there was a good agreement (slope 1.0095, intercept -3.3846 and 
R2=0.9997) for n= 14. 
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The agreement between both values was assessed by the Student paired t-test, 
in which the t-value estimated (0.086) was lower than the tabled one (2.16), for a 
confidence level of 95% (n=14). 

AbS 

1 
1.4 

1 

0.6 

0.2 

4.2 4 50 100 150 200 250 300 
Titration time (s) 

FIGURE 6 Sample titration curves (n=3) 

Both statistical methods showed that there were no significant statistical differ- 
ences between the experimental values and those predicted by the theoretical 
model. 

Repe&il@, repmducibildy and crccumcy 
The repeatability was assessed by performing replicate titrations (n=lO) of an 
iron@) standard solution (0.01 M). A relative standard deviation (RSD) of 3.5% 
in the concentration values was obtained. 

The reproducibility was attained by titration of an iron(I1) standard solution 
(0.057 M) on different days (n=2), providing a relative standard deviation (RSD) 
of 3.2% in concentration values. 

The accuracy was evaluated by comparing the concentration results of differ- 
ent iron@) standard solutions (0.009 M - 0.32 M) accomplished with the auto- 
matic flow titrator and with the reference procedure. The correlation studies of 
the results given by the proposed and reference procedure showed that there was 
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OXIDABILITY DETERMINATION 33 1 

a good agreement (the slope was 1.008764, the intercept O.ooOo74 and 
R2=0.99964), for n=14. 

Oxidability determination in waste water samples 

The oxidation step was carried out by the reference pr0cedure[~1, in acid 
medium, with permanganate. After having added an excess of iron(I1) (0.3 M), 
the volume was made up to 250 mL with deionised water. The amount of iron(I1) 
added must be as much as to assure its final concentration within the titratable 
concentrations range. This volume was partly titrated in the flow by the auto- 
matic flow titrator and the remainder titrated manually according to the reference 
method[51, using the permanganate solution as titrant. 

The titration with the automatic flow titrator of the excess of iron(II) present in 
the samples (Figure6) was performed under the working conditions already 
referred (titrant time increment of O.ls, total time of each cycle of 8s and titrant 
times of 0.3s (b) and 7.7s (ttf)). 

The results from the oxidability determination in waste water samples by the 
proposed method and by the reference method were compared by a relative devi- 
ation (in percentage) and shown in Table IV. The agreement between both values 
was also assessed by the Student paired t-test, in which the t-value estimated 
(1.25) was lower than the tabled one (2.3 l), for a confidence level of 95% (n=9). 

TABLE N Results obtained in the oxidability determination (mg 02xL-') in waste waters, by the 
proposed method and by the reference method 

Sampte Reference merho8 Proposed metho8 R D ( % ) ~  

2033.3i184.8 

1089.3i166.5 

302.7i23.1 

147 1.2i83.1 

1230.9i90.5 

1158.4i135.8 

1190.4i90.5 

137 1.2d 1.3 

1204.8i8.3 

1886.74.6 

ll56.Oi56.6 

316.Od.O 

1383.7k10.3 

1155.a18.1 

1 1 5Oil 1.3 
1159i1.8 

1273i9.2 

1283d.O 

-7.2 

6.1 

4.4 

-5.9 

-6.2 

4.1 

-2.6 

-7.2 

6.5 
~ ~~ 

a. 
b. 

Average and standard deviation values (n=3). 
Relative deviation expressed in percentage of the proposed method to the reference method. 
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CONCLUSIONS 

The automatic flow titrator presented proved to be suitable for carrying out under 
flow conditions the titration step of the oxidability determination in waste 
waters. This automatic flow titrator does not require any calibration step; it can 
be very useful to perform the titration step in the reference procedure for the oxi- 
dability or COD determination, making the whole procedure less tedious, or it 
can be easily coupled to flow systems that perform the oxidation step of the 
organic material, making the whole procedure completely automatic but without 
the need of adequate standards. The system proposed is quite simple since it is 
basically made of a valve (two independent inlets for the titrand and titrant, 
respectively, and a common outlet), a mixing chamber and a pump to keep a con- 
stant flow-rate. The coupling of the automatic flow titrator to any other system 
can be made through the sample inlet channel. 
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