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ABSTRACT

In our previous study, alow cost detector with a photodiode for chemical
oxygen demand(COD) analysisusing luminol-H202-Cr3* chemilumines-
cencereaction and manual syringeinjection mode had been proved. Herein,
the previously method was improved applying a flow injection system.
The effects caused by Br- and Ag* ions were investigated in detail. More-
over, the conditions for COD determining such as pH, concentrations,
flow rate, interference and sample proceeded procedures were also opti-
mized. With the devel oped instrument, the practica detection limit of 2.1mg/
L COD with the linear range of 2.1-600mg/L was achieved. The data for
environmental monitoring of real water sample obtained by the present
method wasin good agreement with those obtained by the standard reflux
titrimetric method. Theflow injection-photodiode chemiluminescence de-
tection systemfor COD determination waslow cost, simple, and robust. In
addition, the automation and maintenance of the system were easy.
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Upto now, chemicad oxygen demand(COD), which
canindicatetheleve of pollutionfor water contami-
nated by reductive pollutants, isthe main determinant
used to assessorganic pollution inagueous systemsand
isoneof themost important parametersin water moni-
toring™. Thestandard reflux titrimetric method for COD
determination? consistsof oxidizingtheorganic mat-
ter of the sample, usually done by adding a known
amount of oxidant, refluxing at hightemperatureon open

containersand titrating the excess oxidant. Thismeth-
odology suffers from a series of drawbacks: (i) the
analysistimeistoo long; including digestiontimeand
titrationtime; (ii) handlingisaso consderable, thusin-
creasing the probability of errorsand thereproducibil-
ity of theresultsare dependent upon the operator skill;
(iii) thereisaquite high consumption of chemicds; (iv)
severa inorganic species causeinterference on this
method. (vi) back-titration after ssmpledigestionisan
insengitivemethod of detection.

Many effortshave been madeto circumvent draw-
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backs caused by standard reflux manudl titration@. In
recent years, several new principles have been pro-
posed to devel op rapid and environmentally friendly
new methodsfor the determination of COD. For ex-
ample, Naffrechoux et al. tried to determine the con-
tentsof organic matter in water samples by measuring
the absorbance of the untreated sampleinthe UV re-
gion and correlating it with CODI®, Electrocatalytic,
photocatel ytic and photod ectrochemicaoxidation prin-
ciplesa so have been devel oped for COD determina-
tion*12, Although thesemethods mentioned abovehave
demonstrated many advantages over the traditional
COD methods such astherapidity of theanadysis, en-
vironment friendly, thedirectnessin theacquisition of
andyticd sgnd, and being easy to beincorporated into
on-lineanalysismonitoring system, dueto the disad-
vantagesthat described by Zhao et al.[*?, such asthe
narrow dynamic working range and inconveniencefor
the system operation, these new methodswith new prin-
ciplesaredtill far from being satisfied for practical, and
significant improvements arerequired beforethat can
bepractically used.

Because the standard methodsfor determination
of COD havebeenin placefor many years, and have
been accepted asthenationd standard methodsin many
countries, another ideal schemeisto perfect thetradi-
tional COD methods. These efforts mostly focuson
improvementsover both digestion and analyticad meth-
ods. Jirkaand Smith™**'devel oped the so-called micro
semi-automated method, thismethod wassimilar tothe
conventiona one, and theonly differencefromthat the
digestion stepwas carried out in closed culturetubes.
Jeri g™ suggested that amixed sol ution of sulfuric acid
and phosphoric acid be substituted for concentrated
sulfuric acid asthe digestion media, thusthe oxidizing
ability of dichromategreatly increased so asto shorten
thereflux time. Somereports havebeen published con-
cerning theapplication of microwaveradiation asahegt
sourcefor the determination of COD, and these meth-
ods have dramatically reduced the heating time 18,
On theother hand, some new analytica methodshave
been reported for determination of COD, including
spectrophotometry!*319, atomic absorption spectropho-
tometry*®21 polarography?Y, etc. Among these ana-
Iytical methods, spectrophotometry isthe most com-
mon detector used in COD determination. However,
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some inherent problems of these systems with
spctrophotometric measurementsare presented: (i) in
order toincreasethe oxidizing ability of reagentsand
decreasethe digestion time, these systems are heated
so asto produce bubble, and the signa sarefrequently
unstable dueto bubbleformation*¥ (ii) samples show-
ing highturbidity arenot suitablefor thismethod dueto
seriousinterference®¥; (iii) the systemslack enough
sensitivity so that the systemsneed rather long diges-
tiontimeand are not suitablefor the sampleswith low
COD; (iv) thelinear range of the systemsisnarrow, so
theapplication of thesystemsislimited. Therefore, itis
necessary to devel op low-cost, simple, automated and
essy tomaintain COD andyticd instrumentswith higher
sengtivity and broader linear rangefor quality control.

Flow-injection chemiluminescence(CL) isknown
to beapowerful anaytica techniquethat promiseshigh
sengitivity, fast reponsetime, extensvedynamicrange,
useof smple, inexpendveinstrumentationto easily set
up, aswell asarapid, reproducible meansof detection.
All these advantages have all owed the method that has
been conveniently used in the determination of many
inorganic and organic compounds in environment
samples?. Recently, based onthe high selectivity and
sensitivity of chemiluminescent reection of luminol-H,O,-
Cr¥system, alow cost chemiluminescencedetector with
aphotodiodeinstead of photomultiplier tube (PMT)
has been successfully devel oped for environmental
monitoring of chemical oxygen demand by measuring
the appearance of Cr3* after samplesdigestionusinga
laboratory-built portable photodiode luminometer,
whichisproportiona tothechemica oxygendemand®.
Such system hasthe advantages of smplicity, low cost
and high sengtivity, but suffersfrom automeatization and
non-stop analysisdifficulties. In addition, the portable
photodiode luminometer system isnot suit for high
throughput and fast on-lineandysis.

Inthisstudy, theflow-injection method wasdevd -
oped for theaim of continuousand large-scale envi-
ronmentd sampleandysis, replacingtheprevioudy used
manud syringeinjection mode. Theconditionsof chemi-
|umi nescence detection of COD sampleswere opti-
mized under flow injection-CL mode. It wasdemon-
strated that the optimum conditions of COD determi-
nation werequitedifferent fromthat of luminol-H,O,-
Cr3* CL reaction. Thisflow injection-CL system for
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determination of COD washighly accurate, smple, and
fast, and was suitable for automatic and continuous
analysis. With thisnew method, resultsfor real water
sampleswerewel| correlated with COD va uesdeter-
mined using theconventiond titrimetric method.

EXPERIMENTAL

Reagent

All used Chemicd swereof andytica reagent grade.
All solutions were prepared with distilled water. A
0.1mol/L H,O, solution was used asthestock solution
of chemiluminescencereagent. Furthermore, stock so-
lutions of the chemiluminescence reagent, such as
0.01moal/L solutionof luminol, solutionof EDTA, 2.5mol/
L solution of KBr, 2.0mol/L solution of NaOH and mixed
solution of KBr(2.5mol/L)-EDTA(0.01mol/L) were
prepared, respectively. Digestion solutionswere pre-
pared asdescribedin (2) for theclosed reflux titrimet-
ricmethod, containing 0.250moal/L of K,Cr,O,, 0.1mol/
L of (NH,),FeSO,, 2.0824mmol/L of potassium hy-
drogen phthalate (KHP). Cataytic solution of Ag,SO,
was prepared by adding Ag,SO,(0.1g )to H,SO,
(100mL). Solution of HgSO, (0.11moal/L) was used for
diminatetheinterferenceof Cl-ion.

Chemical oxygen demand deter mining procedure

Water sampleswere digested following with the
procedureof the standard method ChinaNEPA, 1989),
andAg, SO, wasused ascatayst. After digestion, firstly,
thewater sampleswerediluted to 100ml usngdistilled
water, then mixed 1.0mL of diluted water samplewith
2.5mL of EDTA, and consequently, further diluted to
25.0mL, meantimeadjusting the pH va ueto about 2.0.

The home-made FI system used for CL analysis
wasshownin Figurel. Peristaltic pump and flow cell
were purchased from Ruima Company (Xian, China).
PTFE tubing (0.8mmi.d.) wasused as connection ma-
terid inthesystem. Injection wasmadeusing asix-way
injection valve equipping asampleloop of 80uL. the
colorlessglasscoil (i.d.2.0mm, 0.d. 3.5mm, length 15cm)
was placed in front of the photodiode purchased from
Department of Electronicsof Wuhan University(China).
Flow lines were inserted into the H,O,, luminoal,
carrier(double-digtilled water) and standard solution or
samplesolution, respectively. The pumpswere started
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to wash thewhol e system, and then, theluminol, H,O,
and carrier solution were pumped through at aflow
rate of 2.5mL/min. The mixed solution was passed to
the CL cell, and thelight emitted from the CL reaction
was detected with the photodi ode and magnified by a
sgna magnifier (Nanjing University, Nanjing, China).
Dataacquisition and treatment were performed with
commercialy available software(Zhgiang University,
Zhgjiang, China) running under windows 98. All mea-
surementswere performed at room temperature.

RESULTSAND DISCUSSION

Prepar ation method of samples

Recently, Zhang et d . found achemiluminescene
systemfor automati c determination of chemica oxygen
demand (the permanganate method) using flow injec-
tionanalyss. Inthis system, potass um permanganate
was reduced to Mn?* which wasfirst adsorbed on a
strongly acid cation-exchangeresin mini-columnto con-
centration during chemica oxidation of theorganic com-
poundstherein at room temperature, while excessive
MnQ,” passeed through the mini-columnto be waste,
then the concentrated Mn?* was €l uted reversely and
measured by theluminol-H,O,-Mn* CL system and
photomultiplier tube(PMT), and acompleteanaysis
could beperformedin 1.5 minute. Theinterference of
excessveMnO, withtheluminol CL sysemwaselimi-
nated by the separation with cation-exchangeresnmini-
column, at the sametime Mn?* was concentrated on
the cation-exchange resin mini-column. It waswell
known, on the basi s of the oxidizing agents used, that
the standard COD method could beclassified into ei-
ther the dichromate method or the permanganate
method. Theformer was more popular mainly dueto
itshigher degradation degreetoward awide range of
theorganic pollutants. For thisreason, thedichromate
method but the permanganate method was chosen for
searchinour previouswork!?24, |n brief, accordingto
thestandard COD determination method(ChinaNEPA,
1989), the samples oxidation by a known excess of
potassium dichromatein hot acid, after oxidation, the
appearanceof Cr¥, whichisproportional to thechemi-
ca oxygen demand, was determined by thehomemade
portabl e photodiode(instead of PM T) luminometer sys-
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tem with Luminol-H,O,-Cr** CL reaction, and the
chemiluminescenceintensity was proportiona to the
Cr3* concentration, therefore to the COD values of
samples. The other advantage of Luminol-H,0O,-Cr®
CL reaction wasthat the specificity of thisreaction for
Cr(I11) and COD andlysiscould beachievedinthepres-
ence of ethylencadiaminetetraacetic acid(EDTA)=24,
and then, the cation-exchange resin mini-column and
separation procedure described by zhang et .1 could
beremovedin our research.

Itisclear that the digestion efficiency of organic
materid insamplesmainly liesonthedigestion process.
Asthat described before?*24, in order to ensure or-
ganic materia in samplesdigested completely and ob-
tain the best reproducibility and the accuracy, the stan-
dard digestion procedurewas still chosen in next ex-
periments. Following the procedure described in our
previousexperimentd?24, under theoptimum luminol-
H,O,-Cr** CL reaction condition withAg,SO, solution
as catalyst and Br- ions as enhancer, AgBr floccules
occurred, which could causelossof samplesduringthe
filtering processand serioudly affect thedetection pre-
cisonand accuracy. Therefore, the samples should be
filtered toremovethe precipitation of AgBr before us-
ing. Inaddition, withmanual syringeinjection modeand
portableluminometer system, for thereasonthat higher
dilution timescould gpparently affect the sengtivity of
CL detection, the negative effect mentioned could be
successfully overcomeby filtering thedilution samples
into 100times. Obvioudy, preparation for sampleswas
critical toavoid thefiltering procedureand device, and
toredizerobugt, automatic and continuousinjectionand
anayss. However, filteringwould apparently increase
thecogt of instrument. Whenthedigested sampleswere
diluted higher than 100 times, Ag* ionsand Br- reacted
and produced AgBr colloid but floccul es. Peak-to-peak
signasshownin Figure2 indicated that addition of Br-
ionssignificantly enhanced COD detection signd. Fur-
thermore, thefact that peak  washigher than peak, in-
dicated that filtering procedure could cause Br-ions,
Cr®*and signal loss. Theseresultsdemonstrated that
thiscolloid solution could be used for direct manual
injectionwithout Sgna degradation aswell asthefilter-
ing step could beeliminated. Fi gure3 showed chemilu-
minescencesignasof 250mg/L standard sampleswith
addition of Br-ionsand 100 timesdilution, injected by
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Figurel: Schematicdiagram of FIA-CL flow system
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Condition: Digested with standard method; Dilution : 100
times; detected with potable photodiode system by manual
injection method; a : Without Brions addition; b : With
addition of Brions and filter procedure; ¢ : With addition of
Br ions and without filter procedure
Figure2: CL signalsof 250mg/L COD standard sample

FI system without filtering procedure. Unfortunately,
Comparedtothat obtained infigure 2(c), thesigna was
too low to determinelow COD values. Furthermore,
AgBr colloid caused CL signd fluctuation, probably due
to the colloid particles absorbed on the conveyance
piping, injection valveand flow cdll, etc. Resultsindi-
cated that the 100 timesdilution samples, whichwere
suitablefor themanua injection mode, couldn’t be used
intheFl injection mode.

Resultsshownin figure 2 also indicated that the
enhance efficiency of Br-ionsused for COD anaysis,
about 2 times, which was not as evident as that in
luminol-H,O,-Cr** reaction described by Chang et
al.(1980), probably dueto reactions between Br-ions
and some metal ions, such asAg*and Hg*, etc. Ap-
parently, the addition of Br-ionswaseliminable, and
the Cr®* ionsconcentrationin thedigested sampleswith
lower dilutiontimeswasenoughfor CL detection, which
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had beenillustrated infigure4. Theaddition of Brwas
thereforediminated in subsequent experiments. Before
CL andyss, thedigested sampleswerediluted 25times
to achieve sengtive COD determination.

During thedilution procedure, the pH of digested
sampleswas adjusted, and EDTA solution was added
for theaimto avoid the effects caused by other meta
ions. Asthat presented before, the best standard Cr3*
samples pH was adj usted to 3.0 to obtain the best CL
reaction signal of luminol-H,O,-Cr®. However, pre-
cipitate of Ag,0O was observed when the pH of 3.0
caused fluctuation of detection Sgndsif thetest samples
wereinjected without filtering procedure. Despitel ower
pH of test samples could cause somelossof CL signd,
as shown in figure 4, when the test samples pH was
adjusted to 2.0, the obtained CL signal wasstill higher
enough for the necessary of sensitive COD determina
tion. Thisproblem wasovercomeby adjusting thetest
samplespH lower than 2.0.

2. Optimization of Fl-photodiode CL systems

When equa molar luminol and H,O, weremixed,
the CL intensity would increase with increasing flow
rate. In order to obtain good precision, low reagent
consumption and high signa-to-noiseratio, flow rates
of 2.5mL/minwere chosenfor H,O carrier, lumimol
solutionand H,O, solution, respectively.

TheH, O, concentration wasvariedin order to maxi-
mizethe CL signd. Asshowninfigure5, CL intensity
increased with theincreasing H,O, concentration until
reached amaximum at about 8.0x10?mol/L. Further
increasing H,O, concentrationsincreased the back-
ground noise, reduced the CL intensity, and therefore
reduced the signal-to-noiseratio (SNR). Theeffect of
luminol concentration on the COD detectionwasa so
investigated and theresultswere presented infigure6.
Anincreaseinluminol concentrationledto anincresse
in both thesignal (S) and baselinenoise (B) until the
optimum SNR was achieved with theluminol concen-
tration of 1.0x10*mol/L. CL intensity wasdso signifi-
cantly affected by pH of luminol. By varying the pH
vauesfrom 10to 14, the CL intensity was maximized
withapH vaueof 13.0.

3. Interfering effects
Thehigh sdectivity of thischemiluminescencere-
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Figure3: CL signalsof 250mg/L COD standard sample
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actionfor COD determination wasalready provedin
our previousworks?, In brief, when EDTA was added
into this system, the addition of 2000 times Cr®* con-
centration of K*, Na', Ca?*, Mg?*, and 100 times of
S, Ba&*, Th*, ZrO*, V¥, MoO?, Wo?*, CrO /2,
Mr?*, Fe**Ni#*, Rh**, pd**, OsO,?, Ir*, Pt*, Cu*,
Agh, Au¥, Zn*, Cd*, Hg*, AlI*, SI0 2, pb*, NO;,
NH,*, AsO,*, SbO,, Bi*, PO,*, CO/2, F, Cl- and
CN- had no effect on the determination of Cr¥*. Co**
with 0.5 timesor higher concentrations as Cr3* exhib-
itedinterferencefor Cr3* and COD andysis, fortunately,
as Cr¥ ionsconcentration in COD analysis solutions
wasabove 10°mol/L level, and other metal ionssuch
asCo?" inreal samplesusualy wasfar below thiscon-
centrationlevd, thustheinterference effects caused by
meta could benegligiblein our experiments. If thecon-
centration of Co?* would be higher than theinterfering
value, thisinterfering effect caused by Co** ionscould
beeliminated by adding 1,10-phenanthrolineinto the
post-digestion samples.

Applications

Under the optimum conditions described above,
thelimit of detection, 2.1mg/L, wasobtained aswell as
good linearity was observed between thelight emission
and the COD value, asshowninfigure7. Thelinear
dynamic range covered from 2.1mg/L to 600mg/L for
thestandard potass um hydrogen phthalate samplepre-
pared according to the standard method (ChinaNEPA,
1989).

Reproducihility tests(n=6) showed therd ative tan-
dard deviation of standard samplewas 3.6% for 250mg/
L COD of potassium hydrogen phthal ate sol ution and
4.0% for 356.2mg/L COD (determined by standard
method) of garbage-leakage-liquid wastewater sample
solution. Furthermore, from TABLE 1, therecovery
rangefrom 7 wastewater sampleswas between 106.3%
and 98.1%, with an average of 102.4%. INnTABLE 2,
the COD vdueof 22 red wastewater samplesobtained
using the proposed method and conventiond titrimetric
method wascompared. TheCOD vauesof red samples
determined by this method agreed well with the stan-
dard titrimetric method. Thefirst advantageof thispro-
posed method wasthat alow cost chemiluminescence
detector with aphotodiodeinstead of photo-multiplier
tube (PMT) was used for detection of light emission.
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TABLE 1: Comparison of test resultsof wastewater COD
with standard method (COD, mg/L)

Wastewater gameI%SamplasAddlng COD RecoveryRecovery

COD COD* found COD rate(%)
Dying wastewater 3 188.7 100 2929 1042 1042
Oilinesswastewater 3 1004 100 1985 981  98.1
ﬁ(?lrj ?(;"gle leakage 3892 300 7094 3202 106.7
Living wastewater 3 1784 100 2798 1014 101.4
Organic wastewater 3 1781 100 2844 1063 106.3
Saponinwastewarer 3 380.1 200 580.5 2004  100.2
East |l ake water 3 286 20 489 203  100.2

*(B-A)Ax100%

The second wasthat thefiltering procedure and ion-
exchangeresin mini-column andits procedurd® were
eliminated successfully, which madethe COD measur-
ing devicesimpler and cheaper. Thethird wasthat this
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TABLE 2: Comparison of test results of wastewater COD
with standard method (COD, mg/L)

A,COD B,COD R.D*

Samples (sandard metho)  CLmethod
Dying wastewater 4 76.1 69.9 -8.14
Oiliness wastewater 4 128.1 130.2 1.63
Garbage leakage liquid 2 568.7 598.7 5.27
Living wastewater 4 228.1 2106 -7.67
Organic wastewater 4 356.2 3471 -255
Saponin wastewarer 4 403.1 380.6 -5.58
East |ake water 4 30.9 326 -550
The inflowing wastewater of the 289.1 2780 -3.8
sewage treatment plant
The outflowing wastewater of the 1255 1217 -30
sewage treatment plant
The cesspool wastewater 169.6 1728 19
Wastewater of the Seng line garden 1 54.7 550 05
Wastewater of the Seng line LINE 608.0 6040 -0.7
garden 2
Wastewater of the HU X river 1 15.2 145 -46
Wastewater of the HU X river 2 38.0 363 -45
Wastewater of the Ling Jiao
Lake 1 49.8 475 -46
Wastewater of the Ling Jiao
Lake 2 42.0 396 -57
The outflowing wastewater of the 1284 1298 41
soy bean plant
The wastewater of the dining-room 1251.0 1165.3 -6.8
The JING lake wastewater 334 365 93

The wastewater of the second

; 640600.0 626000.0 -2.3
chemical plant
The wastewater of the fourth 164000 156400 -4.6
chemical plant
The students' living wasterwater 330.3 3584 85

*(B-A)Ax100%

method had high selectivity. Moreover, because water
samplesweredigested following with the procedure of
the standard method and analyzed based on determi-
nation of Cr®* ions, thereforethe principle of thispro-
posed method for COD determination wassametothe
standard titrimetric method, and the correl ating proce-
durewasunnecessary. Findly, thedetermination of con-
centration of Cr® and COD va uesin thismethod took
only several minutesat most, thusit was suitablefor
large-scal eenvironmental samplesanaysiswith high
analysis speed compared to themanual syringeinjec-
tion mode?3. Asthat described by Zhang et a9, the
sampleswereoxidized and digested at room tempera-
turewith the permanganate method, and theinterfer-
enceof chlorideionwith|ower concentration wasover-
came, based onthe short digestion reaction time, lower
sulfuric acid concentration and not very strongly oxi-
dizing ability of KMnO,. Obviously, the application
range of the presented FI-CL method waswider than
that described by Zhang et a ., dueto itshigher deg-
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radation degree toward awide range of the organic
pollutants. So, it was easy to be accepted and wide-
spread. Although theanaysisof COD wastill atime-
consuming process(becausethestandard digestion pro-
cessfor COD wastill usedin batch mode, andthemain
step of limiting determination speed wasdigestion pro-
cess), webdieved thecontinuousandys swith short time
wasessy to resol ve by combining thisimproved method
withthedigestion processesof automati cingrument, which
were devel oped based on the principle of standard di-
gestion method such as microwave digestion method
(1518 Furthermore, we had no doubt that the digestion
proceduressimilar to the standard method without the
useof Ag,SO, solution ascatayst such asthat was de-
scribed inour previouswork!?® could bedirectly used
for continuousand on-lineanayss, and further investi-
gationswereunder way inour |laboratory to perfect the
presented method for that am. Compared to other meth-
ods such as titrimetric, spectro-photometry,
electrocata ytic, photocate ytic and photod ectrocatal ytic
detection, the presented method showed promising re-
aultsindudingsmplidty of instrument configuration, ease
of maintenance, high precision and accuracy, fast re-
sponse, low cost and high sengitivity.

CONCLUSION

This paper describesthefabrication of Fl system
based on the COD determination system reportedin
Tdantd?®. Theadvantage of thissystemiseimination
of thefiltration procedure and ion-exchangeresn mini-
column. Theeffect of important experimental param-
etersonandytica sgnd generation wassystematicaly
investigated, and theoptimum conditionswereobta ned.
Moreover, high selectivity of thissystem hasbeen ex-
perimentally validated. The method was successfully
applied to determinethe COD of real water samples.
The COD value of real samples determined by this
method agreed with the standard titrimetric method.
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