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ABSTRACT

A homemade system of a rapid sequenced aspiration of flow analysis (rapid-
SAFA) spectrophotometric system with on-line UV photooxidation using two acidified
oxidants of potassium dichromate (K2Cr207) and potassium permanganate (KMnQq)
based reactions was constructed and developed for the determination of soluble
chemical oxygen demand (COD) of wastewater. This system utilized two techniques of:
1) a rapid sequenced aspiration of standard/sample and reagent solutions into sample
loop at UV reactor and 2) a UV photooxidation with acidic KMnGO4 and K2Cr207
solutions to oxidize or digest organic compounds instead of a conventional closed reflux
digestion (used in the standard method), A potassium hydrogen phthalate (KHP) was
used as COD standard solution throughout this work. For acidified K2Cr2O7 based
reaction, a potassium peroxydisulfate (K2S20g) was used to accelerate the oxidation
reaction of organic compound and an increase in color intensity of chromium(III} ion
was spectrophotometrically monitored at 600 nm. For acidified KMnO4 based reaction,
a decrease in color intensity of KMnO4 without the use of Ka2S:0s was
spectrophotometrically monitored at 525 nm. The main parameters affecting the system

such as reagent concentration of K3Cr207, KMnO4, K28204 and acid solutions, stopped



time at UV reactor, carrier solution, flow rate of carrier, standard/sample and reagent
volumes and reaction loop length were studied and optimized.

Under optimum conditions using an acidified KoCr207, two linear calibration
graphs in the range of 29 - 176 and 176 - 353 mg COD L! were obtained, with limit of
detection values of 27 and 138 mg COD L, respectively. A sample throughput was
11.7 injections per hour, Percentages of recovery and relative standard deviation for the
analysis of wastewater samples were in the range of 74 - 131 and 0.3 - 10.3, respectively.
For using an acidified KMnOy, a linear calibration graph was in the range of 4-18 mg
COD L' with a limit of detection of 2.8 mg COD L’!, A sample throughput was 7.5
injections per hour. Percentages of recovery and relative standard deviation for the
analysis of wastewater samples were 70 - 128 and 0.2 - 7.9, respectively. The soluble
COD values of the proposed system using two acidified oxidants based reaction and UV
photooxidation were in good agreement with those obtained from the standatd titration
method (t-test, 95% confidence level). This system offered several advantages, e.g., low
sample and reagent consumption, low waste generation, semi-automatic system, cost
effective instrument, easy operation, acceptable accuracy and precision, Especially, the

use of UV irradiation for digestion process provides clean, fast and low power option.
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CHAPTER 1

INTRODUCTION

Rational for the study

In general, water and wastewater quality indicators are tested in laboratory
to assess suitability of water and wastewater for use or re-use or disposal [1, 2]. Those
tests can be divided into three characteristics of water; physical, biological, and
chemical [3]. Physical characteristics are designed to measure various group of
constituents directly impact water and wastewater treatability such as total solids, total
dissolved solids, total suspended solids, turbidity, salinity, pH value, temperature, odor,
color, and taste. Biological charactetistics are aimed to measure the approximate
biological population of water and wastewater, such as Escherichia coli (E.coli),
coliform bacteria and other disease-causing bacteria. For chemical characteristics, they
are proposed to determine the concentration of targeted chemical species that may be
found in water and wastewater, for example 1) heavy metals (e.g., antimony, arsenic,
cadmium, coppet, chromiun, iron, lead and zinc) that may be essential to plant growth
while others adversely affect water consumers, wastewater treatment systems, and
receiving waters, 2) nutrients (e.g., nitrogen and phosphorus species) that can contribute
to the acceleration of eutrophication and 3) organic matters (e.g., biochemical oxygen
demand (BOD), chemical oxygen demand (COD), total organic carbon (TOC), and oil
and grease (O&G)) that are a measurement of the relative oxygen-depletion effect
and/or a carbon-based compound measurement of a water and wastewater contaminant.

In the part of organic matter in water and wastewater that cause problems with
oxygen depletion in streams, because as microbes metabolize organic matetial, they
consume oxygen, it is a matter composed of organic compounds that can come from
various situations of water sources, for example 1) seawater ingress, 2) direct ingress of
river water, 3) infiltrated groundwater into sewage, 4) drainage or rainfall runoff from
industrial, highway, road, hospital, urban, or agriculture, 5) human waste, 6) industrial
waste, 7) sewage treatment plant and septic tank discharges, and 8) cesspit leakage [1,

2]. Therefore, a quantity of organic matters or compounds is very important parameter



to indicate or assess quality of water and wastewater. Consequently, in this work, the
main focus of the organic matter test for wastewater quality indicator is COD which is
simple, rapid and less analysis time than BOD test and less experimental equipments
than TOC test.

Several analytical techniques have been used and applied for COD
determination in water and wastewater with good accuracy and precision. These
techniques include titration [4, 5, 6, 7, 8, 9] and ultraviolet-visible spectrophotometry
[4, 10, 11, 12] as standard methods, chemiluminescence [13, 14], fluorescence [15] and
electrochemistry [16, 17, 18]. According to reviewed papers, titration and ultraviolet-
visible (UV-visible) spectrophotometric methods are commonly used for determination
of COD in water and wastewater using several sample digestion techniques such as
closed reflux or opened reflux, ulirasonic, water bath and microwave. Some of these
digestion techniques have several drawbacks such as non-automated technique, tedious
in operation, high consumption of reagent and sample solution, high waste generation
and long analysis time. To compromise of these reasons for COD determination, the
continuous flow system such as flow injection analysis (FIA) [19, 20,21, 22, 23,24, 25,
26, 27, 28, 29, 30] and sequential injection analysis (SIA) [31, 32] ate required to
determine COD content, Moreover, a rapid sequenced flow injection system [33, 34] or
a multicommutated flow injection system [35, 36], the additional of continuous flow
injection techniques is also interested for the proposed reason.

Tn this present work, a homemade system of a rapid sequenced aspiration flow
analysis (rapid-SAFA) spectrophotometry was constructed and developed for the
determination of soluble COD in wastewater. This system utilized two acidified
oxidants of potassium dichromate (K2Cr207) and potassium permanganate (KMnOq)
based reactions coupled with an on-line UV photooxidation to oxidize or digest organic
compounds in wastewater. The proposed system gained semi-automatic feature, easy
operation, low sample and chemical consumption, low waste generation, cost-effective

instrument and acceptable accuracy and precision.

Objectives of the study
1. To construct and develop a homemade rapid-SAFA spectrophotometric

system with an on-line UV photooxidation for the determination of soluble COD.



2. To optimize the proposed system using an acidic K2Cr,07 reagent solution
and apply for soluble COD determination of wastewater samples.
3. To optimize the proposed system using an acidic KMnO; reagent solution

and apply for soluble COD determination of wastewater samples.

Scopes of the study

Contents of soluble COD of wastewater samples will be determined by the
developed of a homemade rapid-SAFA spectrophotometric system with on-line UV
photooxidation. This system is optimized for oxidation or digestion of organic
compounds in wastewater using two acidic reagent solutions of K»Cr207 and KMnOsq
with UV irradiation, The proposed systems should offer several advantages, e.g., less
reagent and sample consumptions, acceptable analysis time, low waste generation, semi-

automatic system, easy operation and acceptable accuracy and precision.

Expected benefits

1. Achieve the homemade rapid-SAFA spectrophotometric system with on-
line UV photooxidation for soluble COD determination of wastewater samples.

2. Present the research work in the national and/or international academic

conference by poster and/or oral presentation or published the academic paper.



CHAPTER II

REVIEW OF RELATED LITERATURE AND RESEARCH

Wastewater

Wastewater is water containing everything from a community, including
household waste, commercial and industrial waste, stream flow, and storm water and
groundwater without treatment {3]. All effluent wastewaters may change the water
quality, environmental and ecological impact. The constituents of wastewater (or
sewage) could be divided into dissolved and suspended solids matters or compounds
(Figure 1). Dissolved matters refer to organic and inorganic matter passing through a
glass microfiber filters while suspended solid matter refers to organic and inorganic
matters retained by glass microfiber filters. Dissolved organic matters commonly
relevant to ‘soluble COD’ or ‘dissolved COD’ in water that includes primarily of
proteins, carbohydrates, long-chain saturated hydrocarbons and other complex
compounds and pathogens. As for dissolved inorganic matters in water, they are such
as chemical compounds or complexes or ions of chloride, alkalinity, sodium,
magnesium, calcium, fluoride and heavy metals. In the part of suspended solid or
particulate matters found in wastewater, it includes silt, clay and fine particles of organic
and inorganic matters and other microscopic organisms [37, 38, 39]. This suspended
organic matters also refer to ‘suspended COD’ or ‘particulate COD’. Consequently, in
this research, the main focus of organic matters ot compounds in water was soluble

COD for estimation of wastewater quality.



Wastewater
(or selwage)

) i
Dissolved matter Suspended solid matter
| ' | (or particulate matter including
Organic matter Inorganic matter organic and inorganic matters)

(proteins, carbohydrates, long- (Cl, Na, Mg, Ca PFe,
chain saturated hydrocarbons alkalinity and heavy metal
and complex compounds and complex compounds or ions
pathogens) formed)

l Suspended COD determination

Scluble COD determination

Figure 1 The constituents of wastewater or sewage [37, 38, 39]

Chemical oxygen demand

Chemical oxygen demand (COD), especially in environmental chemistry,
commonly used to indirectly measure the amount of organic matters or compounds in
water and wastewater [4, 5]. It represents that nearly all organic compounds (CHON)
can be fully oxidized to carbon dioxide (COz) and water (H20), including ammonia

(NH3) or ammonium fon (NH4") as shown in equation (1) [40].

CiHaObN¢ (aQ) + (Il + 7 E' 2) Oz (g)

nCO (g)+ (3 2YHO M)+ eNHs (@) v 0

The condition of COD test usually uses strong oxidizing agent (e.g., KMnOs and
K2Cr207) to oxidize organic compounds under acidic conditions, usually achieved by
the addition of sulfuric acid (H2SO4). For K2Cr207 as an oxidizing agent, the reaction of

KaCr207 with organic compound is given by following common equation (2) [40, 41].
CnHaOpN; (aq) + dCr207 (aq) + (8d+C) H (aq)

Catalyst
.I.
Heat

ZEEEHR0 () + oNHy' () #2401 (80)  ovvvniinn2)

nCOz (g) +



The consumed oxidant was calculated and expressed in terms of oxygen equivalence
which indicates the milligram of oxygen consumed per litter (mg Oz L") of solution that
so call COD value or milligram of COD per litter (mg COD L1). This COD test using
K2Cr207 is non-specific, in that it does not identify the oxidizable compounds or
differentiate between the organic and inorganic compound. Similarly, it does not
indicate the total organic carbon species since some organic compounds are not oxidized
by K2Cr207 whereas some inorganic compounds are oxidized. Nevertheless, COD is a
useful, rapidly measured, variable for many wastewater sources and has been used for
several decades [3]. Therefore, the COD concentrations could be used to observe the
quality of various water and wastewater sources, for example: in the range of 20 mg Oz
LY in surface waters (or unpolluted water) to greater than 200 mg Oz L in waters
receiving effluents, 100 to 60000 mg O L in industrial wastes [38] and 250 to 1000
mg Oz L in untreated domestic wastewater [1]. Moreover, in Thailand, the standard
COD values are also assigned and assessed to control water and wastewater quality by
the Pollution Control Department (PCD), Ministry of Natural Resources and

Environment {42]. These values are shown in Table 1.

Table 1 Typical concentration of the standard COD values of various water and
wastewater sources, assigned by The Pollution Control Department,

Ministry of Natural Resources and Environment, Thailand [42]

Water and wastewater source COD (mg O: ')
Industrial factory <400
Pig farm <400
Irrigation system <100
Gas station and oil terminal <200

Low (< 250)
Untreated domestic wastewater medium (< 500)

high (< 1000)




Methods of the determination of COD and literature reviews

Many analytical methods have been published for COD determination of water
and wastewater with good accuracy and precision. These methods include titration and
UV-visible spectrophotometry, chemiluminescence, fluorescence and electrochemistry.

Methods of titration [5, 6, 7, 8, 9] and UV-visible spectrophotometry [10, 11,
12] were commonly used to determine COD and have been established as standard
reference methods of water and wastewater treatment [4]. These methods are based on
the oxidation and digestion of potassium hydrogen phthalate (KHP) as standard solution
with acidic K2Cro07 under conditions of high temperature (150 °C) and long digestion
time (2 hours). After that, for titration, an excess K2CraO7 was titrated with ferrous
ammonium sulfate utilizing 1, 10-phenanthroline fetrous sulfate as indicator and then
the COD value was obtained by calculation. Meanwhile, spectrophotometric method
was monitored chromium(Ill) ion at 600 nm and the COD value was obtained by the
standard calibration method.

For chemiluminescence methods, a standard or sample were firstly oxidized
with acidic K2Cr207 [13] or acidic KMnO4 [14] and digested by closed reflux. Soon
after that, the production of Cr(IIl) and Mn(II} were reacted with chemiluminescence
solution such as luminol-Hy0» [13] and glutaraldehyde [14] solutions to produce
fumino!-H202-Cr(Ill) and glutaraldehyde-Mn(Il) complex compounds and then they
were monitored by photodiode and photomultiplier tube, respectively. From the
analysis, the light intensity of Cr(IIl) or Mn(II) concentrations was proportional to COD
value of sample. Moreover, fluorescence method [15] was also applied for COD
determination using acidic cerium sulphate ((Ce(SO4)2) and UV lamp for oxidation and
degradation of standard or sample. Then, the Ce(IIl) was monitored at 264.8 nm of
excitation and 362.1 nm of emission wavelengths. The light intensity of Ce(IIl)
concentrations was proportional to COD value in sample.

And other method of electrochemistry by polarography [17] was reported for
COD determination using the combination of digestion technique. It was based on the
oxidation and digestion of KHP with reagent solution (K2CraO7+H2S04+H3PO4) and
opened reflux. The excess Cr(VI) was measured by single sweep polarography. The

COD content can be indirectly calculated by measuring the Cr(VI) consumed,



In addition, the continuous flow methods using widely different on-line sample
preparation and detection techniques have been published for COD determination in

water and wastewater. These continuous flow methods are summarized in Table 2.

Table 2 Continuous flow methods with various on-line sample preparation and

detection techniques for the COD determination of water and wastewater

samples
Techniques Details*® Year
[Ref.]
1. FIA / water bath / » Samples: civic, dye and wool-spinning wastewaters
UV-visible + Conditions: using reagent solution of 510 - mol L*! KMnQy
spectrophotometry + 6% HaS04 + 0.1 mol L' (NH4),804, on-line digestion at 95 1992
°C for 8 min and detection at 525 nm
+ Analytical characteristics: LR = 10-80 mg COD L', ol
LOD =2mg COD L}, SP =80 h'!, RSD = 0.7 %, recoveries =
85-95 %
2. FIA / microwave * Samples: well, river and muzza canal waters and sewage and
digestion / UV-visible  food industry wastewaters
spectrophotometry * Conditions: using reagent solution of 0.4 mol 11 KoCr07 + 1002
18.38 mol L' H,SO4, on-line digestion at 180 W for 3 min and
[20]
detection at 445 nm
+ Analytical characteristicss LR = 0-100 mg COD L,
LOD=15mg COD L, RSD <4.5 %
3. FIA / microwave + Samples: urban and industrial wastewaters
digestion / flame atomic  + Conditions; using reagent solution of 0.0167 mol L' K2Crz07
absorption +3 mol L' H,S04, on-line digestion at 662 W for 15 minand 1996
spectrometry detection at 428.6 nm [21]
* Analytical characteristics; LR =25-5000 mg COD L™,
LOD=7mg CODL, SP >50h", RSD < 8.6 %
4. FIA / water bath / + Samples; natural waters
UV-visible + Conditions: using reagent solution of 8x10* mol L' KMnO4
spectrophotometry + 0.6 mol L' Ha804, on-line digestion at 50 and 80 °C and 1999
detection at 525 nm [22]

* Analytical characteristicss LR = 0.1-5.9 mg COD L7,
LOD =80 pg COD L', SP =18 h!, RSD =1.3-4.8 %




Table 2 (cont.)

Techniques Details Year
[Ref.]
5.FIA/UV- * Sample: Tamar river waters
photocatalytic oxidation/ + Conditions: using reagent solution of %10+ mol L' KMnQy +
UV-visible 0.3 mol L1 H,804, on-line digestion at 15 W UV lamp for 1.5 2005
spectrophotometry min and detection at 524 nm [25]
* Analytical characteristicss LR = 0,5-50 mg COD L7,
LOD = 0.5 mg COD L, SP = 30 h'!, RSD = 1.21-2.7 %,
recoveries = 83-111 %.
6. FIA / water bath/ UV- e« Sample; river waters
visible * Conditions: using reagent solution of 0,2 mmol L™ KMnQ, + 1
spectrophotometry mimol L HIO, + 0.8 mol L™ Ha80y, on-line digestion at 70 °C 2006
and detection at 525 nm [26]
+ Analytical characteristicss LR = 1.0-24 mg COD LY,
LOD=035mg CODL', SP=30h"',RSD=0.4 %
7. FIA / microwave + Sample: domestic sewage, daity and dye wastewaters and river
digestion / inductively waters
coupled plasma optical + Conditions: using reagent solution of 0.0167 mol L'! K2Cr.0y
emission spectrometry + concentrated mol L' Ha8Os, on-line digestion at 360 W and 2012
detection at 357.9 nn [29]
* Analytical characteristics: LR = 2.78-850 mg L', LOD = 0.94
mg COD L7, SP = 18 h!, RSD = 0.41-0.85 %, recoverics = 96-
99 %
8. FIA / microwave » Sample: domestic sewage, dairy and dye wastewaters and river
digestion / inductively waters
coupled plasma optical ¢ Conditions: using reagent solution of 0.2 g L' KMnQ, +
emission spectrometry contcentrated HaSOy, on-line digestion at 350 W and detection at 2012
294.92 nm [30]

+ Analytical characteristics: LR = 2.6-850 mg COD L', LOD =
1,25 mg COD 1/}, SP=22h'!, RSD = 0.34 %, recoveries = 96.4-
100 %

*LR — Linear range, LOD — limit of detection, SP — sample throughput
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Continuous flow analysis
1. Flow injection analysis

Flow injection analysis (FIA) is a well-known new way of performing wet
chemistry that firstly reported by Ruzicka and Hansen in 1975. FIA system is simple,
automated microchemical technique, capable of having a high sampling rate and a
minimum sample and reagent consumption, which is more efficient than classical
method [43, 44, 45]. A simplest diagram of the FIA system is shown in Figure 2 (a)}.
Basically, the FIA system is based on injection of the exact standard or sample volume
into a continuous flow of carrier or reagent stream by passing through injection valve
within a small diameter tubing. The constant flow rate of carrier or reagent stream was
controlled by a pump. The injected sample zone is mixed and dispersed into the reagent
zone at reaction or mixing coils to form the product. The product zone are transported
toward a detector and then continuously recorded the absorbance, potential, or other
physical parameters [46]. A FIA peak occurs due to two processes involve the
simultancous physical process of zone dispersion and the chemical process. A typical
recorder output has the form of a peak in Figure 2 (b) [45]. The FIA peak is used to
quantify the analyte using calibration data from known concentrations of the standard
[47]. FIA system can be also incorporated to several sample preparation and separation
methods (such as solvent extraction, dialysis, heating, and other methods) and detection
techniques (such as spectrophotometry, electrochemical and other techniques), A FIA
systems have been widely applied to determine various samples such as food, mineral

material, clinical, water and other samples [46, 47, 48].
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Figure 2 (a) The simplest single-line FIA manifold and (b) The analog output has
the form of a peak, the recording stating at S (time of injection), H —
peak height, W — peak width at a selected level, A — peak area, T -
residence time corresponding to the peak height measurement, and

i tb — peak width at the baseline [45, 49]

A basic principle of FIA depends on a combination of three important
principles; 1) sample injection, 2) controlled dispersion of the injection sample zone,
and 3) reproducible timing of the movement of injected zone from the injection point to
the detector. Especially, dispersion is the most important parameter and considers when
the sample is introduced into a carrier stream and during transport of the zone to the
detector [46]. Dispersion (see in Figure 3) could be described in single-line FIA
manifold and defined as the amount that the chemical signal is reduced by injecting a
sample plug into an FIA system. This is expressed in terms of dispersion coefficient (D)
which is defined as the ratio of the original concenirations (C°) of the injection sample
and the maximum concentration (C™) of the sample zone (D = C°/ C"*) after it has

undergone all the dispersive processes and is passing through the detector [50, 51, 52].

Figure 3 Dispersion (D) in the FIA system decfined as the ration between the
original concentration (C° and the concentration of dispersion species

(€ [43]
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The terms of dispersion are categorized into limited, medium and large
dispersions. Limited dispersion (D = 1-3) is used in conjunction with detection system
such as an ion-selective electrode or an atomic absorption spectrometry, where minimat
sample dilution is desirable. Medium dispersion (D = 3-10) is most commonly used
where significant sample and reagent mixing is necessary, as is the case for methods
involving spectrophotometric or fluorometric detection. Large dispersion (D > 10) is
used where extensive dilution of sample and reagent is required [51]. The dispersion is
controlled through the suitable choices of sample injection volume, flow rate, and length
and diameter of tubing [53]. The volume of injection, which most cases is the sample,
is important factor influencing its dispersion. In general when increased dispersion, the
chemistry effect causes predominant effect between analyte and reagent by enhance
sensitivity, but the dilution effect leads to a lowering sensitivity, increasing peak
broadening and reducing sample throughput. Therefore, in developing a new
methodology, the analyst must find a set of conditions that gives the best balance
between enhancement of chemistry and dilution for the application of interest [52].

The basic components of a FIA system are consisted of four parts (Figure
4} including propelling, injecting or insertion, transport, and detection or sensing
systems. Each of these components is described as follows [54].

1. A propelling system which drives the carrier stream (o the difference
elementary units of the system. Ideally, it should provide a pulse-free and perfectly
producible flow of constant rate. A propelling system can be propelled by various types
of pump such as peristaltic pump, gas pressure and piston or syringe pump.

2. An injection or insertion system for introduction of variable sample
volumes into the carrier stream in a highly accurate and reproducible manner. Many of
injection system are used such as a rotary injection valve and hydrodynamic injection
valve.

3. A transport system in which the sample zone disperses and reacts with
the components of the carrier stream, forming a species which is sensed by a flow
through detector and recorded. There are coiled reaction, knotted reactor and digestion
or separation device.

4. A detection or sensing system allowing continuous monitoring of a given

property of the sample or its reaction product and providing qualitative and quantitative
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information about the former. The most common detectors in FIA are
spectrophotometer, photometer, and fluorometer. Electrochemical, chemiluminescence,

atomic emission and atomic absorption detectors have also been used.

Propelling system Injection system Mixing/Reaction/ Detection or sensing
Separation/ system
Sample Modification
Pump l
[ ] Injection valve o
Carrier @ \/VV\ ./
Mixing coil 3 l
Rengent gcol Detectoy
Waste

Figure 4 General FIA system, showing its essential components of propelling unit

(peristaltic pump), injection, reaction/mixing/meodification and detector

[51]

2. Sequential injection analysis

Sequential injection analysis (SIA) is the several generation of flow
measurement techniques in chemical analysis, and it quickly gains numerous
applications in various ficlds of chemical analysis such as food and environment [48].
The SIA system is sequentially introduced of sample/standard and reagent by multi-
position selection valve to stack zones in the tubing that the volume of sample and
reagent used are controlled by aspiration time. Furthermore, a SIA system uses a
computer control in ordet to ensure the reproducibility of the flow pattern in process
[31]. The schematic diagram of a basic sequential injection manifolds is shown in Figure
5. A SIA manifold are comprised the following main components: pump, holding coil,
selection valve, reactor or reaction coil, detector and software. The sample and reagent
solutions are sequential aspirated through multi-position selection valve into a holding
coil by pump in the reverse mode. In injection step or the forward mode, the pump
propels the stacked of sample and reagent zones through a reaction coil into the detector.
The flow reversal leads to mixing of the sample and reagent zones to create at a zone of
product whose properties are measured at the detector [32, 55]. Figure 6(a) and 6(b)

show the overlapped zone of reagent (R) and sample (S) solution and the overlap zone
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of peak at detector by sequential injection sample and reagent zone formed to product,
respectively. The SIA has several advantages when compared with tradition flow
injection, Not only is reagent usage lower with SIA but the manifold used are simple. It
is also easy to change from one analytical procedure to another by altering the flow

program.

, 1 g8\ Selection valve

T oA —{petectorf> W
.6 Reactor
Rs

Sample/standard

Carrier

Figure 5 Schematic diagram of a basie sequential injection system : P — pump, R

— reagent, HC — holding coil and W -waste [31]

— @
R Valve
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—>
£2 s Valve
(in
—c1
Valvo = X < ’ e
_[—.—-——tf———- Stopped llow
(iii} Timg ~

Figure 6 (a) The flow reversal: (i and ii) sequential stacking ofsample and reagent
in holding coil and (jii) merging of zones on flow reversal to give a zone
to give a zone of product. Arrows show direction of flow [32], and (b)
Structure of injected zones and concentration profiles as seen by the
detector; R — reagent; S — sample; P — composite region where

the analyte is transformed into a detectable product [48]
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3. Multicommutated flow injection analysis

The multicommutated flow injection analysis (MCFIA) is new approach for
sample and reagent handing in continuous-flow system. This system require the
computer to control the operation of the valves and uses three-way solenoid
commutation valves replaced six-port rotary valves in FIA system with introducing
flexibility and save solutions [36]. The MCFIA system comprises a multi-channel
peristaltic pump and a combination of solenoid commutation valves. The sample and
reagent are sequentially introduced of very small segments into the reacting device by
operating alternately of solenoid commutation valves that the injected sample volume
can be selected by controlling the commutation timing via software. And then, the
peristaltic pump propels the liquid or segments of sample and reagent toward detector
[56]. The schematic diagram of a typical MCFIA system for glucose determination is
shown in Figure 7. The MCFIA analysis presents some advantages such as a high
flexibility and a low investment cost since solenoid valves are inexpensive [57]. In
addition, this system has been developed to address some drawbacks of FIA, namely
high consumption of reagents and the use multi-channel manifolds. Furthermore,
MCFIA method have been applied to many applications such as metal, environmental,

food and pharmaceutical samples.

{a} £
AHBHAAP. | w4 ;g
2mbimin. p
Sample Vi gh e R
2mUnn. 1 1 RO
mLimin P e | QN0 w

I
Buffer. V2 @ e i 505 nm
§.6 mUnin, T8=37°C

W
POD V3 o
2mbLimin. 1 L ‘f

Figure 7 Typical schematic diagram of the multicommutated flow injection system
(MCFIA) for determination of glucose in honey. P — peristaltic pump;
V1; V1, V2, V3 and V4 — 3-way solenoid valves; C - column; TB —
thermostatic bath; R - reaction coil; D — spectrophotometric detector;

and W - W - waste [57]
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However, the analysis system used in this work was based on the concept of
the continuous flow analysis of FIA, SIA and MCFIA and developed for COD
determination in wastewater. This system was named a rapid sequenced aspiration of

flow analysis (rapid-SAFA) spectrophotometry.



CHAPTER 111

RESEARCH METHODOLOGY

Chemicals
All chemicals were analytical reagent grade and were used without further
purification. Chemicals are listed as follows:
1. Potassium hydrogen phthalate [KsHsKO4]: 99.8%, Ajax finechem,
Australia
Potassium dichromate [K2Cr207]: 99.8%, Ajax finechem, Australia
Potassium permanganate [KMnOs]: 99%, Ajax finechem, Australia
Potassium peroxydisulfate [K2S20s]: 96%, Merck, Germany
Sulfuric acid [H2804]: 96%, LAB-SCAN, Ireland
Glucose [CeH1206]: > 99%, Ajax finechem, Australia
Citric acid [CgHs07.H20]: 99.7%, BDH, England
Sorbic acid [CeH7KOz]: 99%, Fluka, Switzerland
Benzoic acid [C7HsNaOa]: 99%, Fluka, Switzerland
. Gallic acid [C7H¢Os.7H20]: 98%, Sigma-Aldrich, USA
. Sodium nitrite [NaNO3]: 97%, Ajax finechem, Australia
. Magnesium nitrate [Mg(NO3)2. 6H20]: 99%, Loba Chemie, USA
. Sodium chloride [NaCl]: 99%, LAB-SCAN, Ireland
. Ferrous ammonium sulfate [(NH4)2Fe(SO4)2.6H20]: 99%, Merck,

© e N A RN
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Germany
15. Ferric sulfate [Fe(SO4)3]: 23 % as Fe, Ajax finechem, Australia

Preparation of solutions
All chemical solutions were prepared in ulirapure water with resistivity 18.2

MQ.cm (Elgastat maxima, England) throughout this work.
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1. Stock standard solution of potassium hydrogen phthalate (1000 mg L1
KHP)

A 0.1002 g of KHP was dissolved in 100 mL water and kept at 4 °C before
analysis. This 1000 mg L' KHP solution has a theoretical COD of 1176 mg COD !
(calculated in appendix B1 and B2). Working standard solutions of KHP were freshly
prepared by dilution of 1000 mg L' KHP with water.

2. Acidic potassium dichromate reagent solution (0.025 mol L1 K2Cr207
in 0.5 mol L' HzSO4)

A 2.70 ml of concentrated H>SO4 and a 25.0 mL of 0.1 mol L' K2Cr207
(containing 2.94 g of K2Cr207 in 100 mL water) wete firstly prepared and then a 3%
wiv of K2S20s was added and dissolved before made up to a final volume of 100 mL
volumetric flask with water.

3. Acidic potassium permanganate reagent solution (0.4 mmol LT KMnO4
in 0,2 mol L! H2804)

A 0.0063 g of KMnOs was dissolved in 50 mL water and thena 1.09 mL of
concentrated of HaSQ4 was added before made up to a final volume of 100 mL
volumetric flask with water. This solution was filtered and kept in the dark at 12£2 °C
of ice container before analysis.

4, .Wastewater

Wastewater samples were collected fiom various sources (i.e. agricultural

drainage, domestic, hospital and pig farm) without acidic preservation, kept at about 4

oC and filtered before analysis. All filtrated samples were analyzed within 24 hours.

Related reactions

The determination of COD in this work is based on redox reaction combined
with a UV catalytic irradiation (or a UV photooxidation). The redox reaction is adapted
from *the standard methods for the examination of water and wastewater’ [4] for COD
determination using K2Cr07 and KMnOy as oxidizing agents. The UV photooxidation
reaction is also applied from literature reviews using UV photooxidation reaction for
determination of dissolved reactive phosphorus and dissolved inorganic phosphorus in
natural water [56] and determination of dissolved organic carbon and dissolved

inorganic carbon in water [57].
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Under conditions using acidified K2Cr2O7 based reaction, the KHP (used as
COD standard solution) is oxidized with acidic K2Cr207 coupled with UV irradiation
using K2$203 as catalytic reagent (shown in equation (3)). The increased in color

intensity of chromium(III) ion (Cr**) was detected by UV-visible spectrophotometry.

KCH,0, (aq) + 10K,C1,0; (aq) + 41H,80, (aq)

UV irradiation (UV lamp of 36 W)
plus K28,0¢

hv

16C0, (g) + 46H,0 (1) + 10C5,(SO); (aq) + 1K;80,(3Q)  woovrees 3)

For acidified KMnO4 based reaction, the KHP is oxidized with acidic KMnOq
coupled with UV radiation without catalytic reagent (shown in equation (4)). The

decrease in color intensity of KMnQjy was detected by UV-visible spectrophotometer.

2K Csl1s504 (aq) + 12KMnO4 (aq) + 12H2804 (aq)

hv | UV irradiation (UV lamp of 36 W)

12MnSO; (aq) + 7KaSO4 (aq) + 24120 (1) + 16C02 ()  vovvveeve (4)

These two reactions for COD determination were preliminaty investigated the
absorption spectra by UV-visible spectrophotometer and then adopted for further study
of a rapid-SAFA system.

Study of absorption spectra
In order to select a suitable maximum wavelength for COD determination using
an acidified KoCr207 and XMnO4 based reactions. All solutions were prepared as
follows. For the usage of acidic K2Cr207 as reagent solution, KHP solutions (40, 80 and
120 mg L) in reagent solution (0.003 mol L™ KzCr207 + 8.6 mol L' H2S04) wete
prepared and then digested by closed reflux at 150 °C for 2 hours. As for acidic KMnO4

reagent solution, KHP solutions (3, 6 and 9 mg L") in reagent solution (0.4 mmol L!
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KMnO, + 0.2 mol L H,S04) were prepared and digested at 100 °C of water bath for
30 min. A higher concentration of 0.001 mol L‘i KMnO4 was also prepared. These
solutions were recorded all absorption spectra by a UV-visible spectrophotometer (V-
650 spectrophotometer, Jasco, Japan) with SpectraManager software for the analysis.

Conditions used of UV-visible spectrophotometer is shown in Table 3.

Table 3 Ceonditions used of UV-visible spectrophotometer

Parameter Conditions used
Start wavelength 200 nm
End wavelength 900 nm
Scan speed 400 nm min™
Smooth 2 nm

Design, instrumental setup and procedure of rapid-SAFA spectrophotometric
systems
1. Design and instrumental setup

The systems of rapid-SAFA spectrophotometry with on-line UV
photooxidation were designed and constructed by research groups of Chanyud
Kritsunankul (Department of Natural Resources and Environment, Faculty
of Agriculture Natural Resources and Environment, Naresuan University, Phitsanulok,
Thailand), Orawan Kritsunankul (Department of Chemistry, Faculty of Science,
Naresuan University, Phitsanulok, Thailand) and Jaroon Jakmunee (Department
of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai, Thailand). All
designed systems are shown in Figure 8. These systems were different in the position of
UV reactor and peristaltic pumps. Each of systems consisted of peristaltic pumps
(P( and P2; Masterflex, Cole-parmer, USA), three-way solenoid valves (SV1, SV4 and
SVs; Cole-parmer, USA), two-way solenoid valves (SVz and SV3; Cole-parmer, USA),
a homemade UV reactor (36 W of UV lamp wound with PTFE tubing (i.d. 0.89 mm),
a homemade degassed unit (DU; consisted of two acrylic sheets and PTFE membrane),

a flow through cell (FC; 10 mm path length, Perkin elmer, USA), a UV-visible
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spectrophotometer (D; Spectro SC, Labomed, U.S.A), a homemade controller (made by
Chanyud Kritsunankul) and a homemade interface (made by Jarcon Jakmunee).
A homemade controller was utilized to control SVi, SVa, SVi, SV4, SVs and P.
A degassed unit was used to remove all bubble gases (e.g., COz2, NHs and O2) that may
occur from the reaction. A personal computer with in-house built software (Recorder,
version 5) and eDAQ chart software was employed for collecting data and interpreting
peak heights, respectively. All tubing for assembling systems were teflon tube of 0.89

mm i.d., except pump tubes.

(a)

A homemade conéroller

!A homemade interface I

gt

D
— DU ——{FC — M= W,
BC

UV reactor

SV,

W,

Figure 8 Threc designs of the rapid-SAFA spectrophotometric systems with on-
line UV photooxidation for COD determination of: (a) system 1, (b)
system system 2 and (c) system 3 (C —carrier, R — reagent solution, S —
sample/siandard solution, Lsk — sample and reagent loop, RC ~ l'eacfion
coil, BC — back pressure coil, WCi and WC:z — waste coil 1 and 2 and
Wi and W2 — waste 1 and 2)
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Figure 8 (cont.)

2. Procedure of the system used in this work

In Figure 8 (¢) and appendix Al, the system 3 was selected throughout this
research, Therefore, the procedure of a rapid-SAFA of system 3 is described as follows.
The operation of this system had 4 steps which was consisted of filling, loading,
injection and cleaning steps. Firstly, the carrier (C), standard/sample (S) and reagent (R)
solutions were filled pass through a Lsr (or RC), WCy, WC2 and W, respectively. After
that, the operation cycle of loading and injection steps was started. For the first injection,
standard/sample and reagent were rapid sequential aspirated through Lsr, WCi, WG

and W, respectively. Then, standard/sample plus reagent (S+R) zone in Lsr was pushed
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and injected to DU, FC of detector and W1, respectively. Next, the second injection was
then started to load and inject according to the operating cycle as above. For the end of
analysis, the cleaning step was done to clean Lsr and all tubing. As for the procedures
of system 1 (Figure 8 (a)) and system 2 (Figure 8 (b)) were similar o system 3 except

the different positions of UV reactor and peristaltic pumps.

Determination of COD by the rapid-SAFA spectrophotometric system with on-line
UV photooxidation
1. Optimization of the system using acidic K2Cr207 reagent solution

The key parameters of a rapid-SAFA system using an acidic K2CrOr
reagent solution were optimized to maximize the oxidation and digestion efficiencies
and provided a wide linear range, good linearity and sensitivity, good accuracy and
precision. These parameters were 1) standard/sample (Vs) and reagent (Vr) volumes
(varied as aspiration times in second of Vs:Vr of 2:1, 2:2, 2:3, 2:4, 3:3 and 4:4), 2)
stopped times at UV reactor (varied in the range 0 - 30 s), 3) K2Cr207 concentrations
(varied in the range 0.005 - 0.03 mol 1Y, 4) H2SO04 concentrations (varied in the range
0.3 - 1.2 mol L), 5) K28205 concentrations (varied in the range 0 - 4% w/v), 6) carrier
solutions (varied in the range 0 - 0.75 mol L H2804), 7) reaction loop lengths at UV
reactor (varied in the range 150 - 300 cm), 8) flow rates of camier (varied in the range
0.8 - 1.4 mL min), 9) interference study, 10) digestion efficiency study and 11)
analytical characteristic data. Finally, the selected conditions of the proposed system
were summarized for the determination of COD in real wastewater samples,

2. Optimization of the system using acidic KMnO4 reagent solution

The main parameters of a rapid-SAFA system using an acidic KMnO4
reagent solution were optimized to also maximize the oxidation and digestion
efficiencies and provided a good sensitivity, good linearity, wide linear range, good
accuracy and precision. These parameters were 1) KMnO4 concentrations (varied in the
range 0.4 - 0.8 mmol L), 2) H2804 concentrations (varied in the range 0.1 -04 mol Lh,
3) standard/sample (Vs) and reagent (Vr) volumes (varied as aspiration times in second
of Vs:Vr of 2:1, 3:2 and 4:3), 4) carrier solutions (varied in the range 0 - 0.3 mol Lt
H2804), 5) flow rates of carrier (varied in the range 0.8 - 1.4 mL min™), 6) reaction loop

lengths at UV reactor (varied in the range 150 - 250 cm) and 7) analytical characteristic
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data. Finally, the selected conditions of the proposed systems were summarized for the
determination of COD in real wastewater samples.
3. Application of the rapid — SAFA system to real wastewater samples

Under optimum conditions of a rapid-SAFA spectrophotometric system,
using both acidified K>Cr207 and KMnQ4 based reactions which were applied to
determine COD in various sources of wastewater samples. In order to validate of the
system, all wastewater samples were added with standard KHP solutions (prepared
equivalent to COD concentration) by determining obtained recoveries of the proposed
system. Fach sample solution was analyzed in triplicate. Results obtained of the
proposed systems using both acidified oxidizing agents, were compared with each other
and with the standard titration method (see appendix A2) and evaluated by t-test (at 95

% confidence level) and correlation coefficient graphs.



CHAPTER 1V

RESULTS AND DISCUSSION

Study of absorption spectra

The absorption spectra were preliminary studied the redox reactions between
standard KHP solutions and the acidic K2Cr207 and KMnO4 reagent solutions prior to
COD analysis by a rapid-SAFA system. The study was done in combination with the
conventional digestion techniques of a closed reflux and water bath, respectively, For
acidified KoCr2O7 based reaction, it was found that the maximum wavelength was 600
nm (shown in Figure 9 (a)). The absorption at 600 nm was represented the increase in
color intensity of chromium(IIl) ion when increase in concentration of standard KHP
solutions, Meanwhile, the maximum wavelength at 525 nm was resulted (shown in
Figure 9 (b)) when acidified KMnO4 based reaction was used. The absorption at 525 nm
was represented the decrease in color intensity of KMnOs when increase in
concentration of standard KHP solutions. Therefore, wavelengths of 600 and 525 nm
were selected for COD determination using acidic K2CrpO7 and KMnQy reagent

solutions, respectively, throughout this work,

Design of the rapid-SAFA systems

In order to maximize sensitivity and analysis time of the system. The designed
manifolds of system 1, 2 and 3 of the rapid-SAFA spectrophotometry as shown in Figure
8 (a), 8 (b) and 8 (c), respectively, were investigated. It was found that the system 1 and
2 gave lower sensitivity and higher analysis time (8 min per injection) than system 3
(5 min 16 sec per injection) because system 1 and 2 had high dispersion due to long
lengths of Lsr and RC at UV reactor (shown in Figure 10 (a) and (b)). Therefore, the
system 3 was selected to be used throughout this work. The system 3 also offered the
usage of one pump and a re-used of carrier solution. Moreover, a Lsg or RC (Lsr/RC)

was placed at UV reactor to reduce dispersion and analysis time.
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Figure 9 Absorption spectra of: (a) standard ICHP solutions (40, 80 and 120mg L)
in acidic K2Cr207 reagent solution (Rr: 0.003 mol L1 K2Cr207 plus 8.6
mol L1 H2804) and (b) standard KHP selutions (3, 6 and 9 mg L) in
acidic KMnO4 reagent solution (R2: 0.4 mmol L' KMnOs plus 0.2
mol L'TH2804) and a 1 x 103 mol 1.”! KMnOys solution (R)
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Figure 10 Rapid-SAFA signals for COD determination using three designs of:
(a) system 1 and 2 and (b) system 3

Determination of COD by the rapid-SAFA spectrophotometric system with on-line
UV photooxidation
1. Optimization of the system using acidic K2Cr207 reagent solution
Preliminary conditions for COD determination by the rapid-SAFA
spectrophotometric system in Figure 8 (¢) were used as shown in Table 4. The

optmization study of conditions were as following,.
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Table 4 Preliminary conditions used of the rapid-SAFA spectrophotometric

system using acidic KaCr207 reagent solution

Parameters

Conditions used

Rapid-SAFA system:

Reagent solution

Carrier solution

UV reactor

4 Flow rate

0.01 mol L' KoCr207 + 0.5 mol L H,S04
+ 3% wiv K2S:04
0.5 mol Lt H;S04
36 Wof UV lamp wound with PTFE tubing
of 200 cm (i.d. 0.89 min)

1.0 mL min!

it

Stopped time at UV reactor Os
Standard/sample and reagent volumes 15uLand 5 ul (equalto2sand 1 sof
aspiration times)
Detection wavelength 600 nm
Operation times of the system:
1) Filling steps of;
- carrier to UV reactor, FC and W, 320 5%
(. reagent to W» 20s
- standard/sample to W 20 s
2) Loading step of}
- rapid sequenced aspiration of
standard/sample and reagent at Lgg to
Wa 150 s
3) Injection step of}
- standard/ sample plus reagent zone at
UV reactor to FC and W, 195 s
4) Cleaning steps of;
- standard/sample to W, 60s
- reagent to W» 60s

- carrier to W2

1205
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1.1 Effect of standard/sample and reagent volumesby mean of aspiration

times
In order to maximize sensitivity of the system and to maximize mixing
of standard/sample and reagent solutions, the effect of standard/sample (Vs) and reagent
(VR) volumes by mean of aspiration times in seconds was studied. These aspiration
times were controlled by a homemade controller, Using the manifold as shown in Figure
8 (c) and preliminary conditions as described in Table 4, blank and standard KHP
solutions (300 and 500 mg L™ KHP equivalent to 353 and 558 mg COD L) were
aspirated into the system. Various standard/sample and reagent volumes (with aspiration
time ratios (s:s) of Vs:Vr of 2:1, 2:2, 2:3, 2:4, 3:3 and 4:4) were varied and optimized.
Results are shown in Table 5 and Figure 11. It was found that aspiration time ratios of
2:1,2:2,2:4,3:3 and 4:4 s:s were resulted in doublet peaks and the ratios of 3:3 and 4:4
were shown the highest peak height. Thus, the aspirated time of 2 seconds
(approximately 15 pL) of standard/sample and 3 seconds (approximately 25 pL) of

reagent were chosen as giving suitable peak height and no doublet peak was found,

Table 5 Effect of standard/sample (Vs) and reagent (Vr) volumes by mean of
aspiration times (in second) on peak height of standard KHP solutions

(equivalent fo COD concentrations)

Vsi Ve COD Pealk height (inV)

(s:5) (mg L) 1 2 3 X X- blank SD
0 (blank) 0.042 0.044 0.043 0.043 0.000 0.001
2:1 353 0.093 0.094 0.694 0.094 0.051 0.001
558 0.092 0.093 0.088 0.091 0.048 0.003
0 (blank) 0.018 0.018 0.016 0.017 0.000 0.001
2:2 353 0.046 0.046 0.044 0.046 0.028 0.001
558 0.101 0.098 0.094 0.098 0.080 0.004
0 (blank) 0.010 0.007 0.007 0.008 0.000 0.001
2:3 353 0.029 0.031 0.031 0.030 0.022 0.001

558 0.089 0.089 0.085 0.088 0.080 0.002
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Table 5 (cont.)
Vs Vr COoD Peak height (mV)

(s:s) (mg L) 1 2 3 X X- blank SD
0(blank) 0017 0015 0013 0015 0.000 0.002
2:4 353 0028 0020 0029  0.028 0.013 0.001
558 0.059 0057  0.059  0.058 0.043 0.001
0(blank) 0012 0011 0013  0.012 0.000 0.001
o 353 0055 0055 0054  0.055 0.042 0.001
558 0,111 0.109 0.109  0.109 0.097 0.001
O(blank) 0015 0015 0015 0015 0.000 0.000
4:4 353 0.055 0057 0057 0057 0.042 0.001
558 0.110 0110 0111 0110 0.096 0.001

VVs Vp Vs VRYs VR VsVrVs 2! B
u . 5 T ]—= Detector 353 mg CobL

S

0.12 1
558 mg COD L'
0.10
0.08

0.06

0.04 1

Peak height (mV)

0.02

0.00

2:3 2:4 33 4:4
ViV (s:8)

Figure 11 Effect of sample (Vs) and reagent (Vr) volumes by mean of aspiration
times (in second) on peak height of standard IKXHP solutions (300 and
500 mg L-! of KHP equivalent to 353 and 558 mg COD L)

1.2 Effect of stopped time at UV reactor
Because of the requirement of complete reactions for the oxidation of
KHP with acidic K2Cr207 and digestion using UV photooxidation, the effect of stopped
time with time in seconds at UV reactor was studied in order to achieve high sensitivity

and high oxidation and digestion efficiency. Various stopped times at UV reactor (0, 2,
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5, 10 and 30 s) were varied and optimized. Using obtained conditions in 1.1, blank and
standard KHP solutions (300 and 500 mg L' KHP equivalent to 353 and 558
mgCOD L) were aspirated into the system, The results are shown in Table 6 and Figure
12. It was shown that peak heights of 353 and 558 mg COD L were slightly decreased
when increased the stopped times at UV reactor although high stopped time refers to
high oxidation and digestion efficiency. Thus, a stopped time of 0 sec was chosen for
further studies as it provide highest peak (with lowest dispersion) although it was lowest
oxidation and digestion efficiency but low dispersion. In addition, this sclected stopped

time of 0 sec was also provided less analysis time (5 minutes 10 seconds or 5:10 min).

Table 6 Effect of stopped time at UV reactor on peak height of standard KHP

solutions (equivalent to COD concentrations)

Stopped time coD Peak height (mV)

®) (mg L) 1 2 3 X  X-blank 8D
0 (blank) 0.005 0.006 0.006 0.006 0.000 0.001
0 353 0.039 0.042 0.038 0.039 0.034 0.002
558 0.111 0.112 0.112 0.112 0.106 0.001

0 (blank) 0.006 0.007 0.006 0.007 0.000 0.001

2 353 0.037 0,038 0.037 0.037 0.031 0.001
558 0.114 0.111 0.107 0.111 0,104 0.003
0 (blank) 0.007 0.007 0.006 0.007 0.000 0.001
5 353 0.031 0.031 0.031 0.031 0.024 0.000
558 0.109 0.110 0.103 0.107 0.100 0.004
0 (blank) 0.007 0.007 0.007 0.007 0.000 0.000
10 353 0.028 0.028 0.028 0.028 0.021 0.000
558 0.100  0.11 0.109 0.107 0.099 0.006
0 (blank) 0.006 0.007 0.006 0.007 0.000 0.001
30 353 0.023 0.023 0.021 0.022 0.016 0.001

358 0.088  0.087 0.086 0.087 0.080 0.001




31

0.14 7 Analysis time (min): 353 mgCOD 1!
5:10 oY 1
0.12 1 5:12 ; . B 558 mg COD L
s e 5:15 5:20

0.10 4
0.08 4
0.06
0.04 -
0.02

540

Peak height (mV)

0.00

0 2 5 10
Stopped time at UV reactor (s)

Figure 12 Effect of stopped time at UV reactor on peak height of standard KHP
solutions (300 and 500 mg L' of KHP equivalent to 353 and 558 mg
COD L)

1.3 Effect of KaCr207 concentration

A KoCr07 is an oxidizing agent to oxidize organic compound and its
concentration affects to sensitivity and lincarity of the calibration graph. Thus, the effect
of K2Cr207 concentrations was studied. Various concentrations of K2Cr207 (0.005, 0.01,
0.02, 0.025 and 0.03 mol I.”! KoCr,07) were varied and optimized, Using the obtained
conditions in 1.1 and 1.2, blank and standard KHP solutions (100, 200, and 300 mg L!
KHP equivalent to 112, 223 and 353 mg COD L) were aspirated into the system,
Results are shown in Table 7 and Figure 13. Tt was found that slopes were decreased
with decreasing concentration of K2Cro07 (lower than 0,25 mol L") which were referred
to a limitation of stoichiometry. Over concentration of 0,025 mol L, a slope was
decreased because of high intensity of KoCr2O7 (high blank signal). Therefore, a 0.025
mol L' K2Cr207 was chosen for further studies, as it provided highest sensitivity and
linearity (12 = 0.9992).
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Table 7 Effect of K2Cr207 concentration on peak height and slope of standard

KIHP solutions (equivalent to COD concentrations)

K:Cr:01

COD

Peak height (mV)

_ Slope 1
(mol L)  (mgL?) 1 2 3 X X-blank SD !
0 (blank) 0.005 0.005 0.005 0.005 0,000 0,000
112 0.009 0.006 0.007 0.007 0.002 0.001
0.005 6.00%10°% 09606
223 0.012 0011 001} 0.011 0.007 0.001
353 0.021  0.020  0.020 0020 0.015 0.001
0 (blank)  0.006 0.006 0.006 0.006 0.000 0.000
112 0.011 0011 0.010 0011 0.005 0.001
0.010 1.50%10  0.9005
223 0.017 0.017 0018 0018 0.011 0.001
353 0.043  0.043  0.044  0.043 0.037 0.001
0 (blank)  0.011  0.011 0011 0011 0.000 0.000
112 0.017 0017 0016 0017 0,006 0.001 ,
0.020 24010 0.9574
223 0.033  0.034 0034 0.034 0.023 0.001
353 0.073 0.072 0.067 0071 0.060 0.003
0 (blank) 0.012 0012 0011 0012 0.000 0.000
112 0.022  0.021 0.022 0.022 0.010 0.001
0.025 3.10x107  0.9992
223 0.057 0.057 0.057 0.057 0.046 0.000
353 0.092 0089 0.08 0.090 0.078 0.001
0 (blank)  0.042 0.042 0042 0.042 0.000 0.000
12 0.059 0.055 0056 0057 0.015 0.002
0.030 1.00x10%  0.9758
223 0.072 0.071 0070 0071 0.029 0.001
353 0.081 0.078 0078 0.079 0.037 0.001
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Figure 13 Effect of IK2Cr207 concentration on slope of standard XHP solutions
(100 - 300 mg L' of KIIP equivalent to 112 - 353 mg COD L

1.4 Effect of H2SO4 concentration

Sulfuric acid is one of factors to accelerate the oxidation of organic
compound and affect to sensitivity and linearity of the calibration graph. Thus, the effect
of H280, concentrations (0.3 - 1.2 mol L") was studied. Using the obtained conditions
in 1.1 - 1.3, blank and standard KHP solutions (100, 150, 200 and 300 mg L' KHP
equivalent to 112, 168, 223 and 353 mg COD L'} were aspirated into the system. The
results are shown in Table 8 and Figure 14. It was shown that the sensitivity decreased
when increased the concentration of H2SO4, At 0.3 and 0.5 mol L™ H2SO4 were resulted
in the highest sensitivity but at 0.3 mol L'! 2804 was found doublet peaks for all COD
concentrations. Moreover, the higher H2SO4 concentrations than 0.5 mol L caused
refractive index effect. Thus,a 0.5 mol L' ILSOs was selected for further studies, as it
provided highest sensitivity and good linearity (1* = 0.9644) and no effect of refractive

index was found.



Table 8 Effect of H2SO4 concentration on peak height and slope of standard

KHP solutions (equivalent to COD concentrations)

34

HzSO_4l COI)_l Peak heigh_t (mV)_ Stope 2
(molL)  (mgL7) 1 2 3 X X-blank _ SD
0 (blank) 0.013 0012 0.013 0.013 0.000 0.000
12 0.021 0.018 0020 0.020 0.007 0.001

0.3 168 0.037 0038 0.038 0.037 0.024 0.001  3.00x10"  0.9843
223 0.060 0062 0059 0.060 0.047 0.002
353 0.087 0.085 0.086 0.086 0.073 0.001
0 (blank) 0.010 0.011 0.011 0.011 0.000 0.001
112 0.020 0020 0020 0.020 0.009 0.000

0.5 168 0,026 0,027 0027 0.026 0.016 0.001  3.00x10%  0.9644
223 0.042 0.042 0042 0042 0.031 0.000
353 0.082 0.084 0.085 0.084 0.073 0.002
0(blank) 0.023 0026 0023 0024 0.000 0.001
112 0.032 0,034 0034 0,033 0.009 0.001

0.7 168 0.037 0.038 0.037 0.037 0.013 0.001  1.40x10*  (.9549
223 0.044 0.043 0043 0.043 0.019 0.001
353 0.071 0062 0061 0065 0.041 0.005
0 (blank) 0,042 0,038 0.043 0.041 0.000 0.003
112 0.051 0050 0.051 0.051 0.010 0.001

0.9 168 0.053 0.055 0.053 0.053 0.013 0,001 8.00x10° 09751
223 0.054 0061 0,056 0.057 0.016 0.004
353 0.068 0.068 0.066 0.068 0.027 0.001
0 (blank) 0.057 0.061 0.062 0.060 0.000 0.003
112 0.073 0071 0066 0.070 0.010 0.004

1.2 168 0.071 0.071 0.071 0.071 0,011 0.000  5.00x10° 09218
223 0.075 0.072 0071 0072 0.012 0.002
353 0.079 0.083 0.078 0.080 0.020 0.003
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Figure 14 Effect of H2SO4 concentration on slope of standard KHP solutions
(100 - 300 mg L' KHP equivalent to 112 - 353 mg COD L")

1.5 Effect of K2520s concentration

The K»8:0s is a sttong oxidant and it was acted as a catalytic
photooxidation using UV irradiation to produce strong oxidant of free radical such as
hydroxy free radical (OH") [33]. Thus, K25:20s concentration in reagent solution is the
most important factor to achieve the highest sensitivity and digestion efficiency for UV
photooxidation. The effect of K2820s concentrations (0 - 4 % wi/v) was studied. Using
the obtained conditions in 1.1 - 1.4, blank and standard KHP solutions (150, 200, 250
and 300 mg L KHP equivalent to 168, 223, 279 and 353 mg COD L1y were aspirated
into the system. The results in Table 9 and Figure 15 showed that the sensitivity
increased when increased concentrations of 1 to 3% w/v K2S20s and then decreased at
4% wiv of K28:0s. This is due to 4% w/v of K2820s was difficult to dissolve in water.

Therefore, a 3% wiv of K2S20s was selected as giving a good sensitivity.

Table 9 Effect of K2820s concentration on peak height and slope of standard

KHP solutions (equivalent to COD concentrations)

K;8:0s COD Peak height (mV)

W2
(%wiv)  (mgL?) 1 2 3 X  X-blank SD Slope '
0(blank) 0029 0029 0028 0029 0.000  0.001
0 168 0044 0045 0.044 0044 0015  0.001  1.00x10° 05000

223 0.044 0.045 0.045 0.045  0.015 0.002
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Table 9 (cont.)
K:8:03 COD Peak height (nV) Slope )
(Yewlv)  (mg L") 1 2 3 X  X-blank SD
279 0.045 0.045 0,046 0.046 0016  0.001
353 0.045 0.046 0,045 0.046 0016  0.001
0 (blank) 0.011 G011 0011 0011  0.000 0.000
168 0.039 0.039  0.037 0.038  0.027 0.001
2 223 0.057 0.057 0,060 0.058 0.047 0.001 22010 09206
279 0.070 0.070  0.072 0070  0.059 0.001
353 0.076 0.076 0072 0074  0.063 0.002
0 (blank) 0.012 0.012 0012 0012 0000 0.000
168 0.027 0.027 0026 0026 0014 0.001
3 223 0.035 0,035 0.037 0036  0.024 0,001 2.80x10°* 0.9767
279 0.053 0.053  0.055 0.053  0.041 0.001
353 0.075 0.073 0.072 0073  0.061 0.001
0 (blank) 0.020 0.020 0.020 0.020  0.000 0.000
168 0.028 0,027  0.026 0.027  0.007 0.001
4 223 0.033 0.032  0.032 0.032 0013 0.001  2.00x107 09372
279 0.043 0.043  0.043  0.043  0.023 0.000
353 0.061 0.061 0.061  0.06f 0,042 0.000
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Figure 15 Lffect of K2S20s concentration on slope of standard KHP solutions
(150 - 300 mg L' of KHP equivalent to 168 - 353 mg COD L)



1.6 Effect of carrier solution using H2SO4
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The influence of the schlieren effect may occur in liquid media that

affect on analytical signal of flow analysis, especially in single line manifold. The effect

of carrier stream concentrations using H2SO; was examined in order to reduce refractive

index of all peaks and blank signal, Various H2S04 concentrations (0, 0.25, 0.5 and 0.75

mol L) of carrier stream were varied and optimized. Using the obtained condition in
1.1 - 1.5, blank and standard KIIP solutions (150, 200, 250 and 300 mg L' KHP
equivalent to 168, 223, 279 and 353 mg COD L'!) were aspirated into the system.

Results in Table 10 and Figure 16 show that the sensitivity increased when increased

concentrations of HaSO4 up to 0.5 mol L1 and then decreased at 0.75 mol L' of H28O4.

All these concentrations, except 0.5 mol L!, were different density between reagent and

catrier solutions and resulted refractive index of all peaks. Therefore, a 0.5 mol L’!

H2SO4 was selected as it giving a good sensitivity and low noise signal of blank and no

refractive index was lfound.

Table 10 Effect of carrier solution using H2SO4 on peak height and slope of

standard KHP solutions (equivalent to COD concentrations)

Carrier solution COD Peak height (inV)
using H2S04 (mg 1) " X Slope r?
{mol LY ! 3 3 3 blank 4
0 {blank)  0.677 0.076 0.070  0.074 0.000 0.004
168 0.076 0.078 0.078 0.077  0.003 0.001
0 223 0.084 0.085 0.084 0.085 0011 0001 1.70x10* 09907
279 0.093 0.094 0.095 0.0% 0.020 0.001
353 0.106 0.107 0.103  0.105  0.031 0.003
0 (blank)  0.040 0.040 0.042 0,041 0.000 0.001
168 0.045 0.045 0.045 0.045 0.004 0.000
0.25 223 0.053 0.053 0.054 0.053 0.012 0001 2.00x10* 09877
279 0.065 0.065 0.065 0.065 0.024 0.000
353 0.078 0.078 0.077 0.078 0.037 0.001




-

Table 10 (cont.)

38

carrier solution coD Peak height (mV)
using H280; ang 1Y) _ X- Slope r?
{mol LY 1 2 3 X blank 5D
0 (blank) 0.011 0011 0©.011 0011 0.000 0.000
168 0,027 0.027 0.027 0.027 0.0l6 0.000
0.50 223 0.045 0.045 0.045 0,045 0.034 0000 3.20x107 09934
279 0.064 0.066 0.0654 0.065 0054 0.001]
353 0.081 0.079 0.082 0.081 0070 0.001
0(blank) 0.045 0.044 0.046 0.045 0.000 0.001
i68 0.056 0.056 0.056 0,056 0011 0.000
0.75 223 0064 0.065 0067 0.065 0020 0.002 1.70x10* 09986
279 0.076 0.077 0.076 0.076 0.031 0.00]
333 0.083 0,089 0.079 0.084 0039 0.005
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Figure 16

Carrier solution using H,SO, (mol L)

Effect of carrier solution using H2SO4 on slope of standard KIIP
solutions (150 - 300 mg L! of KHP equivalent to 168 - 353 mg

COD L)

1.7 Effect of reaction loop length at UV yeactor

The reaction loop (Lsr) length is a parameter affecting dispersion and

sample ot reagent volume in Lgs. This parameter could affect the sensitivity, digestion
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efficiency for UV photooxidation, and analysis time of the system. The effect of reaction

loop lengths (150-300 em) were studied. Using the obtained conditions in 1,1 - 1.6,
blank and standard KHP solutions (150, 200, 250 and 300 mg L' KHP equivalent to
168, 223, 279 and 353 mg COD L'} were aspirated into the system. Results are shown

in Table 11 and Figure 17. It was found that a shorter loop length than 200 cm was

resulted lower sensitivity because of low total sample and reagent volumes, At reaction

loop over 250 cm, the sensitivity were decreased due to slightly dispersion. Therefore,

a reaction coil length (Lsr) of 200 ¢m was chosen, as it provided the highest sensitivity

and sharp peak and gave less analysis time of 5 minutes 10 seconds (or 5:10 min).

Table 11 Effect of reaction loop length at UV reactor on peak height and slope of

standard KHP solutions (equivalent to COD concentrations)

Reaction loop

COD

Peak height (mV)

length (em)  (mgLY) — 7 2 3 X Kbk Sp_ P i
0(blank) 0011 0011 0010 0011  0.000  0.001
168 0023 0.026 0024 0024 0014 0001

150 223 0.034 0034 0035 0035 0024 0001 220x107  0.9966
279 0048 0.048 0050 0.048  0.038  0.001
353 0.060 0.061 0062 0061 0050  0.001
0(blank) 0.011 0.01L 0010 0011 0000 0,000
168 0027 0028 0027 0027 0016  0.001

200 223 0044 0045 0.045 0045 0034 0001 3.10x104 0.9998
279 0064 0064 0061 0063 0052 0001
353 0.078 0081 0079 0079 0068 0001
0(blank) 0011 0.011 0011 0011 0000  0.000
168 0022 0022 0022 0022 0010  0.000

250 223 0033 0033 0033 0033 002 0000 3.00x10% 09754
279 0050 0050 0048 0.049 0038  0.001
353 0072 0072 0072 0072 0061  0.000
0(blank) 0,009 0.010 0010 0009 0000  0.006

300 168 0020 0017 0017 0018 0000 0001 230x104 0.9439
223 0024 0026 0028 0026 0017  0.002
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Table 10 (cont.)
Reaction loop COob Peak height (mV) sl »
1 = = ope \
length (cm)  (mg L) 1 2 3 X X-blank SD
279 0.037 0.037 0.034 0036 0026 0,001
353 0.056 0.056 0.059 0057 0048  0.001
4.00E-04 1 §§ :
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Figure 17 Effect of reaction loop length at UV reactor on slope of standard KHP
solutions (150 - 300 mg L' of KHP equivalent to 168 - 353 mg
COD L"), when AT is analysis time.

1.8

Effect of flow rate

In order to achieve high sensitivity, digestion efficiency and rapid

analysis time, the effect of flow rate of carrier was examined. Various flow rate (0.8 -

1.4 mL min™) was studied, Using the obtained conditions in 1.1-1.7, blank and standard
KHP solutions (150, 200, 250 and 300 mg L' KHP equivalent to 168, 223, 279 and 353
mg COD L") were aspirated into the system. Table 12 and Figure 18 showed that the

highest sensitivity and maximum of digestion was found at flow rate of 0.8 mL min’,

but it gave long analysis time (5:20 min). At the high flow rate of 1.4 mIL, min was

resulted a short analysis time (4:10 min) but low sensitivity was observed because of

low digestion efficiency and low dispersion. Thus, the flow rate of 1.0 mL min'! was

selected as it provided the highest slope and acceptable analysis time (5:10 seconds).
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Table 12 Effect of flow rate on peak height and slope of standard KHP solutions

(equivalent to COD concentrations)

Flow rate COD Peak height (imV) _ Slove .
(mLmin")  (mg L") 1 ) 3 X blxm-nk SD !

0 (blank) 0.013  0.013 0013 0013 0.000 0,000
168 0.023  0.024 0026 0024 0011 0.001

0.8 223 0.042  0.042  0.042 0.042 0028 0.000 3.30x10"*  0.9983
279 0.060 0.060 0.059 0059 0.046 0.001
353 0.079 0.079 0081 0080 0066 0.001
O (blank) 0.013 0.013 0.013 0.013 0.000 0.000
168 0.033  0.034 0035 0034 0.021 0.001

1.0 223 0.053  0.055 0,054 0034 0040 0.001 3.10x107  0.9909
279 0.073  0.073 0.073 0073 0060 0.000
353 0.084 0087 0.087 008 0072 0.001
0(blank) ~ 0.015 0015 0.015 0015 0.000 0.000
168 0.031  0.031 0,031 0031 0016 0.000

1.2 223 0.045 0.045 0.044 0045 0030 0.001 3.00x10" 09951
279 0.066 0065 0.065 0.065 0050 0.001
353 0.079  0.079 0.081  0.080 0.065 0.001]
0 (blank) 0.016 0.016 0.016 0.016 0.000 0,000
168 0.031 0032 0.032 0.031 0015 000t

1.4 223 0.044  0.044 0.044 0044 0028 0.000 2.40x10*  0.9997
279 0.059 0.059 0056 0058 0.042 0.001
53 0.072 0070 0.071 0.071 0055 0.001
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Figure 18 Effect of flow rate on slope of standard KHP solutions (150 — 300 mg
L! of KHP equivalent to 168 - 353 mg COD I."), when AT is analysis

time,

1.9 Effect of digestion efficiency of the system using acidic K2Cr207

reagent solution
1.9.1 Digestion efficiency study using some meodel organic

compounds

Digestion efficiency of the system wusing model organic
compounds was studied in order to evaluate the digestion efficiency of UV
photooxidation reaction. Model organic compounds such as KIHP, glucose, benzoic
acid, gallic acid, sorbic acid and citric acid in all concentration of 250 mg COD L were
tested under the optimum conditions in 1.1 — 1.8, The results are shown in Table 13 and
Figure 19 (a). It was found that the peak height of glucose, benzoic acid and gallic acid
were equal to KHP while ascorbic and citric acids were lower peak heights. These
results indicated that glucose, benzoic acid and gallic acid were similarly digested with
UV irradiation conditions (36 W of UV lamp + 3% w/v K28203) because of their similar
chemical structures. In order to achieve the high digestion efficiency, model organic
compounds of KHP, glucose, benzoic acid and gallic acid should be represents a
sensitivity by calibration curve. Under the optimum conditions in 1.1 — 1.8, each of
organic compounds in concentrations of 150, 175, 200, 250 and 300 mg COD L were
aspirated into the system. Results are shown in Table 14 and Figure 19 (b). The

calibration graphs of KHP, glucose, benzoic acid and gallic acid were provided similar
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sensitivity (slope) and the digestion efficiency percentages were obtained in the range
100-113% (calculated as the ratio of the slope of model organic compound and slope of
KHP standard). It indicated that for the proposed system, other models of organic
compound, glucose, benzoic acid and gallic acid could be used as COD standard

solution instead of KHP solution.

Table 13 Peal height results of digestion efficiency of some model organic

compounds by the rapid-SAFA system using acidic K2Ci207 reagent

solution
Model organic Peak height (mV)

compound 1 2 3 X X - blank SD
blank 0.054 0.055 0.055 0.055 0.000 0.001
KHP 0.112 0.117 0.118 0.116 0.061 0.003
Glucose 0.109 0.110 0.115 0.111 0.057 0.003
Sodium benzoic 0.114 0.117 0.116 0.116 0.061 0.002
Gallic acid 0.113 0.112 0.111 0.112 0.058 0.001
Sorbic acid 0.079 0.076 0.077 0.077 0.023 0.002
Citric acid 0.092 0.092 0.089 0.091 0.036 0.001

Table 14 Analytical characteristic data of some medel organic compounds from

the study of digestion efficiency

Model organic Linear range Linear equation ’ %RSD Digestion
compound (mg COD LY (y = ax+b) (n=3) efficiency (%) *
KHP 150 - 300 y=0.0004x—-0.0383 09932 2.1-10.6 100
Glucose 150 -300 y=0.0004x—0.0432 09881 0.9-89 100
Sodium benzoate 150 - 300 y=0.0005x-0.0470 09909 2.8-8.5 113
Gallic acid 150 - 300 y=0.0004x~0.0379 09986 2.1-14.6 105

. . . Slope of model organic compound
* % Digestion efficiency = [ E £ b :, x 100

Slepe of KHP
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Figure 19 Effect of digestion efficiency on: (a) peak heights (250 mg COD L'l,n=
3) and (b) calibration graphs of some model organic compounds by

the rapid-SAFA system using acidic K2Cr207 reagent solution

1.9.2 Digestion efficiency using mixed standard solutions of some

model organic compounds

A mixed standard solution of model organic compounds of
KHP, glucose, benzoic acid and gallic acid were used to validate UV photooxidation of
the proposed system by determining the resulted recovery. A mixed standard solution
of organic compounds including its individual concentrations, was prepared by added
KHP, glucose, benzoic acid and gallic acid into water and aspirated into the system
using optimum conditions in 1.1 - 1.8, The results are shown in Table 15, It was found
that the total concentrations of all samples were closed to the added solutions. And the
efficiency of UV photooxidation of the proposed system was good with recoveries
in range of 80-103%.
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Table 15 COD contents and recoveries of some model organic compounds by the
rapid-SAFA system

Model organic compound Total organic compounds
No (mg COD LY (mg COD L, n=3
KHP  Glucose Sodium Gallie Added  Found (X+SD) % RSD Recovery
henzoate acid (%)
I 180 - - - 180 186+7 3.8 1034
2 - 50 - - 50 4744 8.5 9449
3 - - 50 - 50 431 2.3 86+3
4 - - - 50 50 40+0 0 80+0
5 180 50 - - 230 2267 3.1 0843
6 180 - 50 - 230 2114 1.9 0242
7 180 - - 50 230 216+10 4.6 944
8 130 50 50 - 280 27842 0.7 99+1
9 180 50 - 50 280 28246 2.1 1012
10 180 - 50 50 280 2736 2.2 9842

1.9.3 Digestion efficiency study by on-line UV photooxidation and

conventional digestion using some model organic compounds
In order to achieve good digestion efficiency the proposed
system, an on-line UV photooxidation was compared with a conventional digestion by
closed reflux. The concentration of KHP, glucose, gallic acid and benzoic acid
equivalent to 294, 267, 282 and 500 mg COD L were prepared and digested by 2
digestion methods, And then, the digested solutions were injected by manual direct
injection to the FIA system. The results are shown in Table 16. It was resulted that the
percentage of digestion efficiency by on-line UV photooxidation were 46, 44, 46 and
43 of KHP, glucose, gallic acid and benzoic acid, respectively. The percentage digestion
efficiency were calculated as the ratio of the peak height of each model organic
compound by on-line UV photooxidation method and by conventional digestion. These
results indicated that the digestion efficiency of an on-line UV photooxidation was less

than a closed reflux method approximately 0.43-0.46 times.
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Table 16 Digestion efficiency by on-line UV photooxidation and conventional

digestion on peak height of some model organic compounds

Peak height (mV); n=3

Model organic compound Digestion
On-line UY Conventional digestion .
(mg COD LY efficiency (%)*
photooxidation (Closed reflux)

KHP (294 mg COD 1) 0.273£0.05 0.592+0.01 46
Glueose (267 mg COD LY 0.234:£0,03 0.53440.00 44
Gallic acid (282 mg COD L") 0,293+0,01 0.638+0.01 46
Sorbic acid (500 mg COD LY 0.313+0.03 0.723+0.01 43

.M - Peak height of model organic compound by on-line UV photooxidation
* % Digestion efficiency = 100

Peak height of model organic compound by conventional digestion

1.10 Interference study

The effect of interference compounds that may found in water sample,
were studied. Some interference compounds includes CI, ferrous ion (Fe?"), fetric ion
(Fe*"), Nitrite (NO»") and Nitrate (NO3") were used in the proposed study. Using the
optimum conditions in 1.1 — 1.8, blank and 250 mg COD L-! were added with various
inference solutions with various concentrations of ClI" (50, 100, 150, 250, 500 and 1000
mg L1, Fe?* (100 mg L) and Fe** (100 mg L), NOz (50 mg L) and NO5 (50 mg
L") and were aspirated into the system. The results are shown in Table 17. It was found
that the seriously interference of chloride for the determination of COD of the proposed
system was tolerated up to 150 mg L of CI as defined the relative ervor of < 10% in
the signal 0f 292 mg COD L', No interference were found for Fe?t, Fe**, NO,” and NOs”

because these ions were found at low concentration in water sample.
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Table 17 Effect of interference on peak height of 292 mg COD L! (equivalent to
250 mg 1! KHP); mean of triplicate injections

Concentration

Interference compounds Pealt height (mV)* %Relative error**
added (mg L'
none - 0.085 -
100 0.084 -0.33
150 0.076 -9.62
Cl- 250 0.052 -37.98
500 0.037 -56.25
1060 0.035 -58.17
Fe** 100 0.088 4.30
Fe?* 100 0.084 -0.97
NOy 50 0.087 2.87
NOs 50 0.079 -6.75

*  Peak height was corrected from blank signal (blank = 0,068 V}
#% 0Relalive error = | (Peak height of 292 mg COD L plus interference) — (Peak height of 292 mg COD L")} 100
Peak height 0f 292 mg COD L

1.11 Summary of conditions used of the system using acidic K2Cr207

reagent solution
The rapid-SAFA spectrophotometric system with on-line UV
photooxidation using acidificd K2Cr207 based reactions is depicted in Figure 8 (¢) and

the optimum conditions are summarized in Table 18,

Table 18 Conditions used of the system using acidic K2Cr207 reagent solution

Parameters Conditions used
Rapid-SAFA system:
Reagent solution 0.025 mol L' KoCr07 + 0.5 mol L Ha804
+ 3% wiv K25:0s
Carrier solution 0.5 mol L' HaS0;4
UV reactor 36 W of UV lamp wound with PTFE tubing

of 200 cm (i.d. 0.89 mmy)

Flow rate 1.0 mL min™!
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Parameters

Conditions used

Rapid-SAFA system:
Stopped time at UV reactor

Standard/sample and reagent volumes

0s
15 pLand 25 pL (equalto2 s and 3 s of

aspiration times)

Detection wavelength 600 nm
Operation times of the system;
1) Filling steps of;
- carrier to UV reactor, FC and W 320s
- reagentto W, 20s
- standard/sample to W 20 s
2) Loading step of;
- rapid sequenced aspiration of
standard/sample and reagent at Lgg to
Wa 150s
3) Injection step of}
- standard/ sample plus reagent zone at
UV reactor to FC and W, 195 s
4) Cleaning steps of;
- standard/sample to W2 60 s
- reagent to Ws 60 s
- cattier to Wa 120 s

1.12 Analytical characteristic data of the system using acidic K2Cr207

reagent solution

Using the system as shown in Figure 8 (¢) and the optimum conditions
described in 1.11, blank and standard KHP solutions (25, 50, 75, 100, 125, 150, 175,
200, 250 and 300 mg L' KHP equivalent to 29, 59, 88, 118, 147, 176, 206, 235, 294

and 353 mg COD L) were aspirated into the system. Under the optimum conditions,

the results are shown in Table 19 and Figure 20. Linear ranges were obtained in the
range of 29 - 176 mg COD L (25 - 150 mg L' KHP) and 176 - 353 mg COD L'
(150 - 300 mg L' KHP) with linear equations of y = 0,0001x — 0.0024 (2 = 0.9911) and
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y = 0,0003x — 0.0429 (+* = 0.9957), respectively. The limit of detection (LOD) were
27 mg COD L (23 mg L' KHP) and 117 mg COD L (100 mg L' KHP). The Limit
of detection (LOD) was defined as 3 times of standard deviation of the blank (LOD = X
+ 3SDbjank). The relative standard deviation (RSD) was in the range of 0 - 7.9 % and the

sample throughput was 12 injections per hour.

Table 19 Calibration data of the system for COD determination using acidic

K2Cr207 reagent solution

COoD Peak height (mV)
(ng L) 1 2 3 X SD %RSD X - blank
0 (blank) 0.013 0.013 0.012 0013 0.001 7.9 0.000
29 0.014 0.014 0.014 0014 0.000 0 0.001
59 0.016 0.016 0.016 0.016  0.000 0 0,003
88 0.018 0.018 0.018 0.018  0.000 0 0.005
118 0.020 0.020 0.022 0020  0.001 5.0 0.007
147 0,022 0.023 0.023 0023  0.001 4.4 0.010
176 0.028 0.026 0.026 0026 0,001 3.9 0.013
206 0.033 0.033 0.032 0,033 0.001 3.0 0.020
235 0.040 0.042 0.042 0.041  0.001 2.4 0.028
294 0.059 0.061 0.061 0060  0.001 1.7 0.047

353 0.081 0.081 0.078 0.030 0.001 1.3 0.067
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Figure 20 (a) Typical of a rapid-SAFA signals and (b) calibration graph for COD

determination using acidic K2Cr207 reagent solution

2. Optimization of the system using acidic KMnOj reagent solution
Preliminary conditions for COD determination by the rapid SAFA
spectrophotometric system in Figure 8 (¢) were used as shown in Table 20. The

optmization study of conditions were as following.

Table 20 Preliminary conditions used of the rapid-SAFA spectrophotometric

system using acidic KMnOs reagent solution

Parameters Conditions used

Rapid-SAFA system:
Reagent solution 0.8 mmol L' KMnOy + 0.3 mol L HaS04

Carrier solution 0.3 mol L' HySCOy

—

UV reactor 36 W of UV lamp wound with PTFE tubing
0f200 cm (i.d. 0.89 min)
Flow rate 1.0 mL min™

Stopped time at UV reactor

Os




51

Table 20 (cont.)
Parameters Conditions used
Rapid-SAFA system:
Standard/sample and reagent volumes 15 uL and 25 pL (equalto 2 s and 3 s of
aspiration times)
Detection wavelength 525 nm

QOperation times of the system:
1) Filling steps of;

- carrier to UV reactor, FC and W 320s
- reagent to W2 20s
- standard/sample to W3 20s

2) Loading step of}
- rapid sequenced aspiration of
standard/sample and reagent at Lgr to
W3 150's
3) Injection step of}

- standard/ sample plus reagent zone at

UV reactor to FC and W, 300s
4} Cleaning steps of;
- standard/sample fo W> 60
- reagent to Ws 60
- carrier to W3 120

2.1 Stability study of acidic KMnO4 reagent solution
Because of the instability of acidified KMnO4 reagent solution, the
stability of this reagent (0.4 mmol L' KMnOy4 in 0.2 mol L™ HSO4) was necessarily
studied for the COD determination by using a rapid-SAFA system. The results are
shown in Table 21 and Figure 21, This reagent solution slightly decreased its intensity
at 2542 °C and stabilized at 1242 °C within 180 min. Therefore, the preservation of this
reagent at 12+2 °C in ice container was chosen along the research and the experiment

of a rapid-SAFA system was carried out within 180 min,
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Table 21 Stability study of acidic KMnOx4 reagent solution on peak height of
standard KHP solution (equivalent to 4 mg COD L)

Peak height (mV) Peak height (mV)
Time (min) Time (min)
25+2 °C 1242 °C 25£2.°C 1242 °C
6 1.70 0.73 96 1.19 0.84
12 1.71 0.73 102 1.15 0.85
18 1.67 0.73 120 111 0.87
24 1.58 0.76 126 1.08 0.87
30 1.53 0.76 132 1.05 0.90
60 1.33 0.87 150 1.06 0.87
78 1.20 0.89 156 1.03 0.85
90 1.19 0.88 180 1.02 0.85
4.0 4 O 25£2°C
O 1242 °C

% 3.0

=

"5

n 2.0

=

o

o

A 1.0 1

0.0 T T T

0 30 60 80

Time (min)

150

Figure 21 Stability study of acidic KMnO4 reagent solution (0.2 mmol L1 KMnOs
in 0.2 mol L' H2SO4) at 2542 °C and 12£2 °C by the rapid-SAFA system

2.2 Effect of KMnQ4 concentration

The KMnOQ4 in reagent solution acts as oxidizing agent to oxidize

organic compound. It concentration affected to sensitivity and linearity of the calibration

graph. Thus, the effect of KMnO4 concentration was studied. Various concentrations

of KMnOy4 (0.4 - 0.8 mmol L'!) were varied and optimized. Using the manifold and

preliminary conditions as shown in Figure 8 (c) and Table 20, respectively. Blank
and standard KHP solutions (10, 20, 30 and 50 mg I} KHP equivalent to 12, 24, 35, 59
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mg COD L) were aspirated into the system, Results in Table 22 and Figure 22 show
that 6x10 and 8x10* mo! L1 KMnOj4 resulted in a wide range of calibration graph but
produced precipitated along the system of manganese dioxide (MnOz) compound. In
order to avoid MnQ; precipitated which may block in the system, a 4x10* mol L
KMnO;4 was chosen for further studies, through a narrow linear range (12 - 24 mg COD

L1y was achieved.

Table 22 Lffect of KMnOs coneentration on peak height and slope of standard

KHP solutions (equivalent to COD concentration)

KMnO4 CcoD Peak height (mV)

(mmol L) (mgL™) 1 2 3 X Blank-X_ SD Slope r
0(blank) 145 148 147 147 0.00 0.02

0.4 12 0.62 060 064 0.2 0.85 0.02  4.70x102 1
24 007 007 007 007 1.40 0.00
0 (blank)  2.64 261 262 262 0.00 0.02
12 247 210 221 216 0.46 0.06

0.6 5.52¢10%  0.9912
24 167 162 166 165 0.98 0.03
35 .13 082 085 093 1.69 0.17
0 (blank)  2.85  2.69 277 277 0.00 0.08
12 244 244 240 242 0.35 0.02

0g 24 203 208 207 206 0.71 0.03  2.55¢10%  0.9969
35 164 192 178 178 0.99 0.14

59 1.22 122 1.18 1.21 1.56 0.02
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Figure 22 Effect of KMnQ4 concentration on peak height of standard KHP
solutions (10 - 50 mg L! of KHP equivalent to 12 - 59 mg COD L)

2.3 Effect of H2S04 concentration

The effect of HaSO4 concentrations (0.1-0.4 mol L) was studied as it
was a factor to accelerate oxidation reaction and to affect sensitivity and linearity of the
calibration graph. Using obtained conditions in 2.2, blank and standard KHP solutions
(5, 10 and 15 mg L' KHP equivalent to 6, 12 and 18 mg COD L") were aspirated into
the system. The results are shown in Table 23 and Figure 23. No different in slope of
calibration graphs was found for all H2SO4 concentrations. Thus, a 0.2 mol L1 H,804
was selected for further studics, as it provided a suitable of the sensitivity, linearity (12

= (.9999) and chemicals economy.

Table 23 Effect of H2SO4 concentration on peak height and slope of standard

KHP solutions (equivalent to COD concentration)

H,S804 CcOoDn Peak height (mV) Slope 2
(mol L) (mgL™) 1 2 3 X Blank-X SD P
0 (blank) 177 175 2.08 1.87 0.00 0.19
6 1.99  1.77 1.69 1.82 0.05 0.15 2
0.1 773107 gog4

12 147 135 1.29 1.37 0.50 0.09

18 .01 094 097 0.97 0.89 0.03
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Table 23 (cont.)

stofl CO]]!1 " Peak heigﬂt (mvV) _ Slope 2
(molL7)  (mglL™) 1 2 3 X Blank-X 8D
0 (blank) 179 176 163 173 0.00 0.08
6 049 137 137 141 0.32 0.07

o2 12 095 097 099 098 075 001 7A46x107 0999
18 053 053 054 053 1.19 0.01

0 (blank) 120 L0l  1.09 L.10 0.00 0.10

0.3 6 .08 105 110 1.08 0.02 0.02
8.34x10%  0.9956

12 0.61 053 046 0.53 0.57 0.07

18 0.1 008 0.10 0.10 L.00 0.01

0 (blank) 050 104 123 1.06 0.00 0.17

0.4 6 1.00 106 098 1.01 0.04 0.04
7.81x107  0.9052

12 028 031 031 0.30 0.76 0.02

18 0.12 008 009 0.10 0.96 0.02

14 1 00.f mol L1 H,S04 © 0.2 mol L Ha804
124 003 mol LTH:S0s & 0.4 mol L H2804

0.8 - PO

Peak height (mV)

0.4 - it
0.2 -

0.0 T ¥ T T 1

COD (mg L)

Figure 23 Effect of H2S04 concentration on peak height of standard KHP solutions
(5 - 15 mg L' of KHP equivalent to 6 - 18 mg COD L)

2.4 Lffect of flow rate
In order to achieve good sensitivity, good digestion efficiency and

rapid analysis time, the effect of flow rate of carrier was studied. Various flow rates
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(0.8-1.4 mL min™") were varied and optimized. Using obtained conditions in 2.2 and 2.3,
blank and standard KHP solutions (5, 10 and 15 mg 1! KHP equivalent to 6, 12 and 18
mg COD L) were aspirated into the system. The results are shown in Table 24 and
Figure 24 and slopes were obtained, Flow rate of 0.8 mL min™ resulted in the highest
sensitivity (slope). This flow rate indicated good digestion efficiency, but it took long
analysis time (8 min per injection). For flow rates of 1.2 (6:45 min per injection) and
1.4 mL min? (6:10 min per injection), sensitivity was decreased because of low
digestion efficiency and low dispersion. Thus, the flow rate of 1.0 mL min™! was selected
as it provided a suitable slope, good linearity (12 = 0.9986) and rapid analysis time

(7. 20 min per injection).

Table 24 Lffect of flow rate on peak height and slope of standard KHP solutions

(equivalent to COD concentration)

Flow rate COD Peak height (mV) Slope 1

(mLmin) (mg L) 1 2 3 X Blak-X SD
0 (blank) L.66 1.69 1.59  l.64 0.00 0.05
6 1.39 124 134 132 0.32 0.08

0.8 7.17x107 09525
12 0.84 075 080 080 0.85 0.04
18 0.62 053 0.53 050 L.08 0.05
0 (blank) 162 L67  L70 166 0.00 0.04
6 140 139 137 139 0.27 0.01

1.0 7.46x10%  0.9986
12 105 102 105 1.04 0.62 0.01
18 0.74 074 073 074 0.93 0.01
¢ (blank) 140  E34 130 135 0.00 0.05
6 .14 117 120 117 0.15 0.03

1.2 8.34x10%  0.9880
12 0.80 082 078 080 0.52 0.02
18 0.54 053 051 053 0.82 0.01
0 (blank) 1.39 146 136 140 0.00 0.05
6 127 119 119 123 0.19 0.05

1.4 7.81x10*  0.8865
12 .24 112 109 Ll 0.25 0.08

18 088 089 0.8 088 0.52 0.02
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Figure 24 Effect of flow rate on slope of standard KIIP solutions (5 - 15 mg L
KHP equivalent to 6 - 18 mg COD L"), when AT is analysis time.

2.5 Effect of reaction loop length at UV reactor

Reaction loop length is one of the important parameter in order to obtain
high sensitivity, good dispetsion efficiency and achieve a good digestion efficiency. The
effect of reaction loop lengths (150-250 cm) were studied. Using the obtained conditions
in 2.2-2.4, blank and standard KHP solutions (5, 10 and 15 mg L™} KHP equivalent to
6, 12 and 18 mg COD L) were aspirated into the system. Results in Table 25 and Figure
25 indicated that the reaction loop length of 200 cm gave the highest slope, good
digestion efficiency, minimize peak broadening and acceptable analysis time (7:30 min

per injection) for COD determination by the proposed system.

Table 25 Effect of reaction loop length at UV reactor on peak height and slope of

standard KHP solutions (equivalent to COD concentration)

Reaction oD Pealk height (mV) 5

loop length A — — Slope I
[()cm)g (mg L) L 2 3 X Blank-X SD P

O(blank) 151 150 1.50 1.50 0.00 0.00

6 137 125 1.24 1.2% 0.22 0.07

150 1.89x10%  0.9374

12 120 123 1.26 1.23 0.28 0.03
18 113 1.04 1.02 1.07 0.44 0.06
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Table 25 (cont.)
Renction CoD Peak height (mV)
loop length 1 - — Slope r?
(cm) (mg L) 1 2 3 X Blank-X SD
0 (blank) 1.51 1.50 1.50 1.50 0.00 0.00
6 137 1.25 1.24 1.29 022 0.07
150 1.89x10  0.9374
12 120 123 1.26 1.23 028 0.03
18 .13 1.04 1.02 1.07 0.44 0.06
0(blank) 159 161 151 157 000 0.05
6 1.35 130 1.25 1.30 0.27 0.05
200 4.48x10%7  0.9995
12 105  1.03 1.06 1.07 0.50 0.01
18 0.87 0.72 0.73 .77 0.80  0.09
0(blank) 170 163 150 161 0.0 0.10
6 1.18 106 1.08 1.11 0.50 0.06
250 434x10%  0.9965
12 092 0.86 0.86 0.88 0.73 0.04
18 0.64 056 0.59 0.60 1,01 0.04
0.08 - g g
& 8 E
0.06 1 + E S 1y
005 { RS T >
& o 2 AN @
& 004 {1 )
(n =
003
0.02 4
0.01 o
0 T T L) 1
150 175 200 225 250

Reaction loop length (em)

Figure 25 Effect of reaction loop length at UV reactor on slope of standard KHP
solutions (5 - 15 mg L of KHP equivalent to 6 - 18 mg COD L'), when

AT is analysis time.
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2.6 Effect of carrier solution using H2S04

The effect of carrier solution using H2SO4 was studied in order to
stabilize baseline and avoid manganese dioxide (MnQ») precipitated in system. Various
concentrations of 12804 (0, 0.1, 0.2 and 0.3 mol L) were varied and optimized. Using
the obtained conditions in 1.2 -2.5, blank and standard KHP solutions (5, 10 and 15 mg
L' KHP equivalent to 6, 12 and 18 mg COD L") were aspirated into the system, The
results are shown in Table 26 and Figure 26, It could be seen that, at H2SO4
concentrations less than 0.2 mol L™, particulate manganese dioxide (MnQ;) were
produced in the system while no MnO; was found at 0.2 and 0.3 mol L\, Therefore, a
0.2 mol ! H2SO4 of carrier stream was selected as providing highest sensitivity and

less expense of chemical.

Table 26 Effect of carrier solution of H2SO4 on peak height and slope of standard

KHP solutions (equivalent to COD concentration)

Carrier solution coD Peak height (inV)
using H:804 (mg 1Y) . Blank - Slope 12
(lllO] L-I) 1 2 3 X X SD

0 (blank) 1.07 0.99 103 .03 0.00 (.05
6 0.78 075 077 077 0.26 0.01

0 2.07x107  0.9828
12 0.62 068 072 067 0.36 0.05

18 0.60 049 048 0.52 0.51 0.06

0 (blank) 1.52 1.52 148 1.51 0.00 0.02
6 .36 120 128 128 0.23 0.08

0.1 473107 0.9997
12 113 094 094 1.0l 0.50 0.11

18 076 069 071 0.72 0.79 0.04

O(blank) 1.64 160 1.60 1.61 0.00 0.02
6 146 139 132 139 0.22 0.07

0.2 5.50x102  0.9904
12 106 1.0t 09 1.01 0.60 0.05

18 0.77 075 071 074 0.87 0.03
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Table 26 (cont.)
Carrier solution CoD Peal height (mV)
using Hz804 (mg L) = Blank - Slope 12
(mol L—l) g 1 2 3 X X SD
0(blank) 1.65 1.62 161 1.63 0.00 0.02
6 142 131 125 133 0.30 0.09
0.3 55010 0,9981

12 .02 1.00 092 098 0.65 0.05
18 072 0.64 068 0.68 0.95 0.04

0.08 - 3 =
5 & &
0.07 N = =
s o L
0.06 I = 5
o - (\/
0 T T 1
0.0 0.1 0.2 03

Carrier solution using H,S0, (mol L'T)

Figure 26 Effect of carrier solution using H2804 on slope of standard KHP
solutions (5 — 15 mg L' of KHP equivalent to 6 - 18 mg COD L)

2.7 Effect of standard/sample and reagent volumes by mean of

aspiration times
To maximize the sensitivity, good mixing of standard/sample and
reagent and achieve an efficient oxidation reaction, the effect of standard/sample (Vs)
and reagent (VRr) volumes was studied by mean of aspiration times in second using a
homemade controller, Various Vs and Vi volumes (with aspiration time ratios (s:s) of
1:2, 2:3, and 3:4). Using obtained conditions in 2.1-2.6, blank and standard KHP
solutions (5, 10 and 15 mg L' KHP equivalent to 6, 12 and 18 mg COD L) were
aspirated into the system. Resuits in Table 27 and Figure 27 indicated that the aspirated
time of 2 seconds (15 pL) of standard/sample and 3 seconds (25 pL) of reagent should
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be chosen as giving the highest slope (good sensitivity), good mixing of sample and

reagent solution, good linearity (1 = 0.9904) and minimum peak broadening.

Table 27 Effect of standard/sample (Vs) and reagent (Vr) volumes by mean of
aspiration times (in second) on peak height and slope of standard KHP

solutions (equivalent to COD concentration)

VsiVer COD Peak height (mV) :
.1 = — Slope r
(s15) (mg L) 1 2 3 X Blank - X SD
0 (blank) 189 177 1.83 1.83 0.00 0.06
6 165 1.53 147 1.55 0.28 0.09
1:2 5.00%10%  0.9999
12 131 1,18 1.27 1.25 0.58 0.07
18 1.01 091 094 095 0.88 0.05
O (blank) 1.64 160 160 1.61 0.00 0.02
6 146 139 132 1589 0.22 0.07
2:3 5.50x10%  0.9904
12 1.06 101 096 1,01 0.60 0.05
18 077 075 071 0.74 0.87 0,03
0 (blank) 1.64 159 1.59 1.60 0.00 0.03
6 133 126 1.24 1.28 0.33 0.05
34 4,76x107  0.9898
12 1.06 089 090 0.5 0.66 0.10
18 073 072 070 072 0.89 0.01
0,08 -
0.07 4
0.06 -
0.05 A O”’—_‘e\e
g, 004 - & % -
g N S A
& 0.03 A IS It 9
” “L. L=
0.02 ey, . Il
0.01 -
] : \
0 1:2 2:3 34
Vg Vi (sis)

Figure 27 Effect of sample (Vs) and reagent (Vr) volumes by mean of aspiration
timme (in second) on slope of standard KHP solutions (5 - 15 mg L' KHP
equivalent to 6 - 18 mg COD L)
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2.8 Summary of condition used of the system using acidic KMnO4
reagent solution
The rapid-SAFA spectrophotometric system with on-line UV

photooxidation using acidified KMnO4 based reaction is depicted in Figure 8 (¢) and the

optimum conditions are summarized in Table 28.

Table 28 Conditions used of the system for COD determination using acidie

KMnQ4 reagent solution

Parameters

Conditions used

Rapid-SAFA system:
Reagent solution

Carrier solution

0.4 mmol L1 KMnO4 + 0.2 mol L' HaSOy
0.2 mol L't H»SO4

UV reactor 36 W of UV lamp wound with PTFE tubing
of 200 cm (i.d. 0.89 mm)
Flow rate 1.0 mL min!
Stopped time at UV reacior 0s
Standard/sample and reagent volumes 15 nl and 25 pL (equal to 2 s and 3 s of
aspiration times)
Detection wavelength 525 nm
Operation times of the system:
t) Filling steps of;
- carrier to UV reactor, FC and W, 3205
- reagent to W 20s
- standard/sample to Wp 20s
2y Loading step of;
- rapid sequenced aspiration of
standlard/sample and reagent at Lsg to
W2 1505
3} Injection step of}
- standard/ sample plus reagent zone at
UV reactor to FC and W, 3005
4y Cleaning steps of;
- standard/sample to W2 60s
- reagent to Wa 60s
- carrier to Wa 1205
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2.9 Analytical characteristic data of the system using acidic KMnO4

reagent solution
Using the system as shown in Figure 8 (c) and the optimum conditions
described in 2.8, blank and standard KHP solutions (3, 6, 10, 12 and 15 mg KHp Lt
equivalent to 4, 7, 11, 14 and 18 mg COD L) were aspirated into the system. Under
the optimum conditions, the results are shown in Table 29, Figure 28 (a) and (b). Linear
range was obtained in the range of 4 - 18 mg COD L' (3 - 15 mg L' KHP) with linear
equation of y = 0.0536x — 0.1075 (1* = 0.9919). The limit of detection (LODY) was 2.8
mg COD L' (2.3 mg L' KHP) expressing of LOD = X + 3SDyplank. The relative standard
deviation (RSD) was in the range of 1.1 —5.3% and the sample throughput was 7.5

injections per hour,

Table 29 Calibration data of the system for COD determination using acidic

KMnQO4 reagent solution

COD Peak height (mV)
(mg L) 1 2 3 X SD  %RSD _ Blank-X
0 (blank) 1.04 0.98 1.03 1.02 0.03 - 0.00
4 0.93 0.94 0.88 0.92 0.01 1.1 0.10
7 0.79 0.75 0.77 0.77 0.02 2.6 0.25
11 0.56 0.58 0.59 0.57 0.01 1.8 0.44
14 0.34 0.33 0.32 033 0.01 3.0 0.69

18 0.20 0.19 0.18 0.19 0.01 53 0.83
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Figure 28 (a) Typieal of a rapid-SATFA signals and (b) calibration graph for

COD determination using acidic KMnO4 reagent solution

3. Application of the rapid-SAFA system to real wastewater samples

The soluble COD contents in various sources of wastewater samples (i.e.
agricultural drainage, domestic, hospital and pig farm) were determined by the rapid-
SATFA spectrophotometry with on-line using both acidic K»Cr07 and KMnQO4 reagent
solutions. The results are shown in Table 30, Figure 29 (a) and Figure 29 (b),
respectively. Results obtained in Table 30 of the proposed system were also validated
with the standard titration method and by spiking standard KHP solutions (equivalent
to 35 and 118 mg COD L.

The COD values obtained from the proposed system using acidic K2Cr207
reagent solution were in good agreement with those obtained from the proposed system
using acidic KMnO4 solution (t-test of teacutation = 0.34 and teritical = 2.02, 95% confidence
level) and the standard titration method (t-test of teaculation = 0.17, tesitical = 2.02, 95%
confidence level). Meanwhile, the COD values obtained from the proposed system using
acidic KMnO4 were also in good agreement with those obtained from the standard
titration method (t-test of teatculation = 0.40, toritical = 2.02, 95% confidence level). For the

analysis of wastewater samples using acidified K2Cr2O7 reagent solution, recoveries and
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relative standard deviations by spiking two COD concentrations were obtained in the
range of 74 - 131% and 0.3 - 10.3%, respectively. Meanwhile, the analysis of wastewater
samples using acidified KMnOy reagent solution, recoveries and relative standard
deviations from spiking two COD concentrations were obtained in the range of 70 - 128
and 0.2 - 7.9%, respectively. Moreover, the proposed system using both acidified
K>Cr07 and KMnOa based reaction were also evaluated by correlation coefficient
graph. The correlation graphs are shown in Figure 30 (a), (b) and (¢). It was concluded
that good agreement between the proposed systems and the standard titration method
were found with correlation coefficient of 1> = 0.9804 (see in Figure 30 (a)) and r* =
0.9877 (see in Figure 30 (b)), respectively. And good correlation coefficient between
the proposed systems using KoCr207 and KMnOs was obtained ? = 0.9596 (see in
Figure 30 (c)).
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Figure 29 Typical of a rapid-SAFA signals for COD determination using: (a)

acidic K2Cr207 and (b) acidic KMnOy4 reagent solutions
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Figure 30 Correlation plots between the COD contents of real wastewater samples
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APPENDIX A THE IMAGE OF A HOMEMADE RAPID-SAFA SPECTRO-
PHOTOMETRIC SYSTEM AND A STANDARD TITRATION
METHOD UESD IN THIS RESEARCH

A.1 The image of a homemade rapid-SAFA spectrophotometric system with on-

line UV photooxidation for COD determination of wastewater

1. A peristaltic pump

-2, Two-way solenoid valves

3. Three-way solenoid valves

4. A homemade UV reactor unity t
5. A homemade degassed unit

6. A UV-Visible spectrophoto-
meter

. A homemade interface

-8. A homemade controller

Figure 31 Setup of a homemade rapid-SAFA spectrophotometric system, designed
and constructed by Chanyud Kritsunanlkul, Orawan Kritsunankul and

Jaroon Jakmunee
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A2 The image and procedure of a standard titration method COD determination

of water and wastewafter

The apparatuses used in the standard method are shown in Figure 32. The test
procedure was to add 2.5 mL of a known quantity of standard/sample, 1.5 mL 0f 0.0167
mol L KoCr207, and 3.5 mL of concentrated H2804 solution into a digestion tube. This
mixing solution was refluxed for 2 hours at 150°C using a controlled-temperature oven.
After digestion, it was cooled before titration. The remaining K2Cr20O7 was then titrated
with 0.1 mol L’ of ferrous ammonium sulfate standard solution using ferroin as
indicator. With an end point color change from blue-green to reddish-brown. A blank

solution of ultrapure water is carried out through the same procedure as the wastewater

sample,

. 1. Digestion tubes
~2. A beaker

1 3.A magnetic bar

4. A magnetic stirrer

A controlled-temperature |
oven

Figure 32 Setup of a standard titration method



APPENDIX B CALCULATION OF A THEORETICAL COD VALUE FROM
POTASSIUM HYDROGEN PHTHALATE STANDARD
SOLUTION

Generally, the COD content in water and wastewater is depended on the COD
mass equivalent to organic compound used as a standard solution of each COD test.
Thus, in this work, the calculation of a theoretical of COD value from a potassium
hydrogen phthalate (KHP) was carried out. This value could be calculated by two redox

stoichiometry reactions as follows.

B.1 Calculation of the theoretical COD value from the redox reaction of KHP and

oxygen

The stoichiometry of redox reaction of KHP and oxygen is shown in equation (1)

2K CsHs04 (aq) + 1502 (g) —— KoO (aq) + 16CO2(g) + SHO (D) ... )
(KHP)

A redox stoichiometry indicates that the oxidation of KHP (MW = 204.23 g mol?) is
accomplished through reduction of oxygen (MW =32 g mol™) to carbon dioxide (COz)

and water (H20) and described as following;

When, 2molof KHP = 15 molof O
2 mol x 204.23 g mol” of KHP = 15 mol % 32 g mol" of O,

Thus | gof KHP = 15 mol % 32 g mol"! of Oz
2 mol x 204.23 g mol?

= 1176 g0,

It could be concluded that a 1 g of KHP is equivalent to 1.176 g Oz. Hence, a 1000 mg
L-! KHP has a theoretical COD value of 1176 mg 1! (1 g KHP L' = 1,176 g CODL™).
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B.2 Calculation of the theoretical COD value from the redox reaction of KHP and

acidic potassium dichromate
The stoichiometry of redox reaction of KHP and acidic potassium dichromate

(K2Cr207) is shown in equation (2):
2K CgHsO4 (aq) +10K,Cr,07 (aq) +41H, 504 (aq)
(KHP)

10CEy(S0,),(aq)+16CO,(g) + 46H,0 () +11K,804 (aq) oo )

A redox stoichiometry indicates that the oxidation of KHP (MW = 204.23 g mol™?) is
accomplished through reduction of KzCr207 (MW =294.23 g mol™") to chromic (C1**)

ion, carbon dioxide (CO2) and water (H20) and described as following;

When, 2mol of KHP = 10 mol of KoCra(s

2 mo! x 204.23 g mol! of KHP = 10 mol x 294.18 g mol"! of K2Cr20;

-1 .
Thus, 1 g of KHP 10 mol x 294,18 g mol™ of KoCrO4

i

2 mol x 204.23 g mol

7.2067 g of K2Cr0
It could be seen that a 1 g of KHP is equivalent to a 7.2067 g of K2Cr207, For the
calculation of KoCr07 mass equivalent to Oz mass, the equation (3) and (4) is used to

calculate as described below.,

Cr,0%(ag) + 14H (aq) + 66° — Cr¥(aq) +THO0() e 3)
Oy(g) +4e — 2¢” ()
Then, )
mol & Cr, 07 6
mol e O, T4
- 2 = 6 leO
mol ¢ Cr,O7 = »4— mol ¢~ O,

= 1.5 x mol O
= 1.5x32g0;

Thus, 1 mol x294.18 gmol ' of CrkO7* = 48g 0,
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From, the calculation as described above, 1 g of KHP is equivalen( to a 7.2067 g of

K2Cra207.
Thus, 294.18 g of KoCryOy = 48 g O
48g x72067g  _
7.20067 g of KQC}'QO]‘ = = 1,176 g 9
294,18 g

Tt could be concluded that a 1 g of KHP is equivalent to 1.176 g O2. Hence, a 1000 mg
I-! KHP is equal to a theoretical COD value of 1176 mg L' (1 g KHP '=1176¢g

CcOD L),
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