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ABSTRACT 

Colorimetric methods of measurement forms an important basis for analysis of a 

variety of compounds and metallic species. Some of the more important advantages of 

using colorimetric methods include low cost, limited need for sophisticated instruments 

or personnel. 

Determination of hexavalent chromium (Cr(yi)) by diphenylcarbazide(DPC) is a 

very common method. Chromium (VI) is carcinogenic and its determination is very 

important. Chromium (VI) occurs in chromiimi-tanned leather samples and there are 

regulations on permissible limits. The current official procedure (called the IUC-18 

procedure) is based on DPC and is generally inapplicable to leather samples that produce 

a colored extract. The customary DPC method as well as several modifications thereof 

have been studied in a variety of leather samples with a view to improve sensitivity of the 

procedure. A pre-bleaching procedure was developed. This allowed reliable analysis of a 

majority (but not all) of the samples studied as compared to results obtained with ICP-

OES of cation exchanged samples as the reference method. Also, the sensitivity of the 

DPC method has been greatly improved upon by use of a liquid core waveguide based 

flow through absorbance detector. 

As a necessary component to the above efforts, the development of an optical 

fiber coupled Light Emitting Diode (LED) light source based flow-through optical 

absorbance detector was carried out. The LED source is readily changeable. Optical 

fibers are used to carry light from the electronics/display unit to a reflective flow-through 

cell and back. The cell can thus be located remotely from the electronics unit and the 



umbilical connection is not susceptible to electrical noise. The noise level of this detector 

with LEDs of different emission maxima were observed to be in the range of 3-20 jiAU 

under actual use conditions, with a maximum short term drift of 4 |aAU/min after the 

initial warm up period. When the analyte absorbance is well matched with the source 

emission characteristics, the detector response is linear with concentration over at least 

two orders of magnitude. The liquid flow path through the cell is linear with a large exit 

aperture such that bubbles are not trapped in the optical path. The optical arrangement is 

such that the incident light crosses the liquid flow orthogonally, and is reflected back by a 

rear mirror to the receiver fiber. This arrangement reduces the refractive index sensitivity 

by an order of magnitude relative to conventional Z-path flow cells. 
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CHAPTER I 

INTRODUCTION 

One of the most important steps involved in the processing of leather is tanning. 

Tanning is defined as the treatment of hides and skins for preservation and conversion 

into usefiil articles of commercial values. This can be accomplished by vegetable tanning, 

aldehyde tanning, chrome tanning, alum tanning or iron tanning. Prior to 1858, vegetable 

tanning was the most important method of tanning. 

Vegetable Tanning 

Vegetable tanning may be defined as the conversion of raw hides into leather by 

treating the hide with aqueous solutions of tannin extracted from materials of vegetable 

origin.' Vegetable tanning has been the most important tanning method imtil the adevent 

of chrome tanning. Leather made by vegetable tannage are used for soles, belting, 

saddlery, upholstery, lining and luggage, to name a few. Bulk of all sole, harness, and 

belting leathers produced in the United States is vegetable-tanned and these are termed as 

"heavy" leathers and are made from the heavy hides of mature animals, such as the steer 

and the cow. Vegetable tanning not only results in preservation of the hide fiber, but also 

in imparting some characteristics to the fiber such as fullness of feel and resilience."^ 

Vegetable tannins come from a wide variety of plants, and are essentially found in 

wood, leaves, nuts, twigs, and bark. Tannins may be condensed tannins, which will 

increase in molecular size when boiled in acid solution and/or condense upon adding 



base. They may be hydrolyzable tannins which get dispersed when boiled in an acid 

solution and are less likely to develop red colors. The commercial tannins used in the 

United States are primarily imported either as the extract or as the raw plant material that 

is extracted. Some of the most important vegetable tannins are Quebracho, Wattle 

extract, Myrobalans, Sumac, Gallnuts, Gambier, Mangrove, Hemlock, Chestnut, Valonia 

and Lignosulfonates. ^ 

Chrome Tanning 

Chrome tanning has became an important method of tanning since 1858 when 

Friedrich Knapp discovered that leather could be made by treating animal skin with basic 

chromium compounds.^ It was not until 1884 this method was commercialized. The 

credit for the same goes to Augustus Schultz who patented a chrome tanning method 

which later came to be known as the "two-bath" process."* This process involved treating 

the skins with an acid dichromate solution, the Cr(VI) gets reduced to the green trivalent 

state in-situ. The two-bath process has many drawbacks and modem day adaptation of 

this method is considerably different. Commercial chrome tanning in the United States is 

almost exclusively carried out by the "one-bath" process. The one-bath method was 

patented in 1893 by Martin Dennis. This method is based on the reaction between the 

hide and a trivalent chromium salt such as chromium sulfate. The hides or skins used in 

the one-bath process are pickled, which means that the unhaired hides have been treated 

with a solution of salt and acid in order to prepare them for tannage or for temporary 

preservation until they are sent to the tannery. The chrome tanning agents are introduced 



into the pickled state hides or skins when the pH is 3 or lower. The affinit> of the chrome 

tanning salt for the protein, collagen is moderate at these low pH values and this results in 

the penetration of the chrome tanning agent into the hide. Once proper penetration and 

initial absorption of some of the chrome salt has been achieved, the pH is raised. This 

causes changes in the nature of the chromium present in the hide and the protein and a 

crosslinking reaction occurs. Completion of this reaction results in full chrome tanned 

leather which would withstand a fiill boil test (no shrinkage of leather upon 3 min 

exposure to boiling water). There are a number of competing reactions and a balance of 

these reactions is achieved through control of temperature, pH, and materials used and 

this ultimately controls the quality of the tanned leather.^ 

Basicity of Chrome Compounds 

The chromium salts used in chrome tanning is in the +3 oxidation state. While 

these salts are soluble in acidic media, chromium hydroxide or hydrated chromium oxide 

is precipitated at pH levels above 4. As basic chromium compounds are the ones of 

importance in tanning, it is desirable to express basicity in quantitative terms. According 

to the currently accepted method, basicity is expressed as the percentage of the total 

trivalent Cr present that is combined with hydroxyl. For example Cr2(S04)3 would have a 

basicity of zero and an acidity of 100, Cr(0H)(S04) would be 33.3 percent basic and 

66.7 percent acidic. The overall basicity of a chrome liquor or of a chrome leather is 

calculated as follows:^ 



equivalents acid SOA . 
equivalents of Cr(III) 

100 = Acidity. 

It is important to note that the basicity value of a chrome liquor is usually computed from 

the total value of its acid components, that is both the free acid and that combined with 

the chrome. 

Reversibility of Chrome Tanning 

In 1916, Procter and Wilson showed that if skin tanned with cationic chromium 

compounds is treated with a solution of Rochelle salt (Potassium sodiimi tartrate or 

similar salts), the fixed chrome contained in the leather was completely removed. It was 

fiirther observed that such dechromed skin from which all reversing salt was removed by 

washing could again be chrome-tanned. This reversibility has also been observed by 

many others, Bennett,^ Berestovoj and Masner^ and LoUar̂ ^ to name a few. 

Dyeing 

Vegetable tanning result in leather with brown color; the exact shade of which 

depends on the extracts and the type of tanning process employed. The amount of oil 

used gives rise to lighter or darker colors. Dyeing of leather largely started after the 

discovery of mauve pigments by Perkin and the subsequent development of synthetic dye 

industry in Europe. 



Dyeing of leather is not a simple consideration. Leather intended for gentle use 

has to be dyed on the surface and this precludes dyestuffs that lead to deep penetration. 

Penetration of the dye in other cases is of great importance and has to be carefiilly 

controlled. Fixation of the dye is greatly altered by the tannage and by the presence of 

other materials attached to the protein. Further, the presence of oils in the leather and the 

application of other materials in subsequent processing may affect the shade and the time 

of the color as well as the permanency of fixation. Thus, dye fixation is a balance of a 

number of factors, as well as the skill of the tanner in applying the dye. The main 

dyewoods that have been used are logwood, fustic, osage orange and hypemic. 

Currently, mainly logwood is utilized. In order to obtain the base color of leather, it is 

common to apply the dyewoods and their strikers such as lead acetate, ferric sulfate, etc. 

The final shading is adjusted by adding aniline dyes.^ 

A number of synthetic dyes are used and they are classified according to their 

composition into various groups, the most important of which are the azo dyes. Some of 

the common azo dyes are Acid Blue 2B and Bismarck Brown G. Azo dyes and other 

synthetic dyes have large structures containing a number of conjugated double bonds. 

The conjugated double bond structure allows electron transfer from one end of the 

molecule to the other. Azo dyes are classified as acid, basic, or durect dyes. The direct 

dyes are used to dye cellulose or cotton material directly without the need for adding 

mordant. The acid dyes are anionic due to the presence of sulfonic acid groups while the 

basic dyes are cationic in nature with the free amino groups on the dye molecule. 



Research Presented in the Thesis 

The main goal of this work was to find the adequacy of the existing methods for 

the determination of chromium(VI) in leather. An account of attempts to find new 

methods more sensitive and reliable are also presented. The main strategy was to use the 

well characterized colorimetric DPC method. An additional aim of this research was the 

development of simple, versatile and inexpensive flow-through absorbance detectors. 

Chromium Determination by IUC-18: Pitfalls and Refinements 

The current method of determination of Cr(VI) in leather samples is the one 

proposed by the International Union of Leather Technologists and Chemists societies and 

is referred to as IUC-18 procedure. In short this method involves extraction in a 

phosphate buffer, filtration and complexation with DPC. Chromium is determined by the 

complexation reaction with DPC. However, this method of determination for leather 

samples can be beset with a variety of problems. In Chapter II, the drawbacks associated 

v^th the normal lUC -18 method are detailed. This chapter also describes the use of a 

Liquid core wave guide cell with long path length to increase the sensitivity of chromium 

determination. A colorimetric method of determination based on bleaching of dyed 

leather sample extracts prior to the DPC reaction is proposed. Preconcentration, elution 

from a stationary phase and resulting determination of Cr(VI) are also reported. 

Absorbance Detector with Reflective Flow Cell 

Absorbance detection is a very common method m separation science and in FIA. 

However, most absorbance detectors are expensive and bulky. Chapter III describes a 



miniaturized absorbance detector which makes use of optical fiber coupled light emitting 

diode and a reflective flow cell. This detector has exhibited excellent performance 

compared to the commercial detectors available. The total cost for the detector, including 

data processing electronics, is a fraction of the cost of commercial instruments. 
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CHAPTER II 

HEXAVALENT CHROMIUM DETERMINATION BY THE DIPHENYLCARBAZIDE 

(IUC-18) PROCEDURE: PITFALLS AND REFINEMENTS 

Introduction 

Chromium has long been recognized as an essential element for life.̂  It exists 

commonly in two oxidation states: Cr(III) and Cr(VI). While Cr(III) is considered to 

play an important role in glucose, lipid and protein metabolism,^ hexavalent chromium is 

highly toxic with a large aqueous solubility and serves no usefiil biological purpose. 

Indeed, Cr(VI) is highly carcinogenic and causes damage to skin, mucous membrane, 

respiratory tract etc There are numerous regulations on permissible limits of Cr(VI) in 

water and wastewater and various upper limits of acceptability for Cr (VI) (all less than 5 

mg/kg) have also been set for leather products by various regulatory authorities.^ In 

chrome-tanned leather, the levels of Cr(III) are overwhelming with respect to Cr(VI),^ 

and methods to determine the latter in presence of the former are necessary. 

Speciation of CrdID and Cr(VD by Ion Exchange Pretreatment 

Analytically, it is not difficult to distinguish between Cr(III) and Cr(VI) because 

the latter is obligatorily anionic whereas uncomplexed or complexed Cr(III) is not anionic 

except with multivalent ligands at high pH (e.g., in a strongly alkaline EDTA medium). 

Passage of a sample bearing Cr(III) and/or Cr(VI) through an H^-form cation exchanger 

thus results in complete removal of Cr(III) unless significant amounts of kinetically inert 



neutral complexes (e.g., with EDTA)^ are present. Except in ver\ strongly acid solutions, 

Cr(VI) is anionic and passes through an H'-form ion exchanger without being retained. 

Thus, Cr(VI) is selectively determined in the effluent from such an ion exchanger b> an 

elemental analysis technique (such as atomic spectrometry) that cannot otherwise 

distinguish between the two forms of the element. The only caveat is that Cr(VI) is a 

very strong oxidizing agent in strongly acid solutions - if a sample contains a lot of 

indigenous salt and that is then ion exchanged through a H^-form cation exchanger, the 

acidic Cr(VI) in the effluent will oxidize, especially over a period of time, any oxidizable 

material (which can include even the chloride ion '̂̂ ) present in the effluent and itself be 

reduced to Cr(III). Thus, a method that is specific for Cr(VI) may actually produce an 

underestimation of the Cr(VI) that was present in the sample prior to cation exchange. 

Cr(VI) can be extracted from strong HCl media into organic solvents and then selectively 

measured by atomic spectrometric methods.^ Aside from aggressive reagents and organic 

solvents, such schemes require operations in a cold room; this may not alwa\ s be 

practical. 

Photometric Methods for the Measurement of Chromium 

The main emphasis has been on photometric methods as the necessary 

instrumentation is available at a modest cost and thence the possibility of readily 

implementing such methods. Even when chromate is determined by an alternative 

approach such as ion chromatography,^^ conductometric and/or UV absorptiometric 

detection generally do not provide sufficient sensitivity or selectivity such that post 
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column reaction detection approaches'^ using chromogenic reagents such as 

diphenylcarbazide (currently the basis of the reference method recommended b\' the 

USEPA for the measurement of Cr(VI) in water and wastewater, vide infi^) or 

luminogenic reagents [see 12 and references therein] are preferred. 

Cr(III) is often determined after oxidation to chromate. '̂̂ ^ Direct determination of 

Cr(III) is possible with Tropolone and a few other reagents [see 13 and references 

therein]. Balasubramanian and Padmaja'" have recently summarized such methods. 

These authors also reviewed photometric methods for Cr(VI) and themselves reported a 

technique in which protonated malachite green, which is normally yellow in color at the 

operating pH of the method, ion-pairs with chromate and the original green color is 

restored. Similar reactions occur with phosphate, arsenate, etc. The method was 

sensitive, but the authors concluded that it was irreproducible. 

Very recentiy, Zhang et al.'^ have proposed a sensitive method for the 

determination of Cr(VI) that is based on the complexation of Cr(III) with N, N-diethyl-

1,4-phenylenediamine. This reagent forms an intensel> red complex with Cr(III) that is 

several orders of magnitude more stable than the complex Cr(III) forms with 

cyclohexylenedinitrilotetraacetic acid (CDTA); the latter, however, is kinetically inert 

like the Cr(III)-EDTA complex. When CDTA is added to a sample bearing Cr(in) and 

Cr(VI), the Cr(III) is complexed. When the reagent is next added, it is oxidized by 

Cr(VI) and the nascent Cr(III) thus formed reacts with the excess reagent in preference to 

reacting with CDTA. The authors claim an LOD of 2 |ig/l for this technique at 530 nm. 
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Cr(VI) can also be determined by fluorescence quenching but the method is not 

particularly sensitive.'^ 

The chromogenic reaction of diphenylcarbazide with Cr(VI) that constitutes the 

basis of the IUC-18 protocol'^ of the lULTCS is ahnost a hundred years old.'^ The 

principle of the method is the Cr(VI) mduced oxidation of the reagent to 

diphenylcarbadiazone, the -enol form of which then reacts with the Cr(III) formed to 

yield a red-purple product (>tmax 540 nm). Some metals such as Fe. Cu, Mo and V 

reportedly interfere^^ and oxidants such as chlorine can also interfere." '̂ 

The IUC-18 Protocol and Problems 

Briefly, the rUC-18 protocol calls for extraction of a ground leather sample with a 

phosphate buffer of near-neutral pH for 3 h and reacting the filtered extract with acidic 

5[vm-diphenylcarbazide (DPC) prior to measurement at 540 nm. 

Even under ideal conditions, the sensitivity of the IUC-18 procedure is taxed to 

make measurements at the 1 mg/kg level. The validation work behind the lUC-lS 

standard confirmed that a LOD (limit of detection) of 3 mg/kg was difficult to attain. A 

major problem occurs with colored extracts. A variety of leather samples, especially 

dyed ones, produce colored extracts. The intensity of this indigenous color can be 

sufficiently high such that blank correction methods based on a blank that contains all the 

other assay ingredients with the sample except DPC '̂* '̂̂  have a hopeless task. There 

may be other problems arising from the presence of a dye or other materials in the extract 

(vide infra). 
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In the present exploratory study some of the approaches that were tried are: 

a. attempting to pre-bleach the color in colored extracts; 

b. decrease the LOD by adapting the assay to a flow injection analysis format̂ ^ which 

significantly improves the reproducibility; 

c. improve the sensitivity of the technique by using a liquid core waveguide (LCW) 

based flow cell and by preconcentration techniques; and 

d. devising a reversed flow injection procedure in which the DPC reagent is injected 

into a dye-bearing sample stream, the additional color formed is thus measured over 

the colored background, 

LCW cells are composed of a transparent inert polymer such as Teflon® AF, which 

has a refractive index less than that of water throughout the UV-visible range. As such, 

when filled with water or transparent aqueous liquids, such conduits behave as optical 

fibers and can carry light with very little optical attenuation.̂ '*'̂ ^ Thus, significant path 

lengths can be attained with such cells and the sensitivity of optical absorbance 

measurement can be significantly improved. 

Experimental 

Reagents 

All chemicals were of reagent grade and were used without further purification. 

Potassium dichromate (MCB), dipotassiumhydrogen phosphate (Baker), 

disodiumhydrogen phosphate (Aldrich), sodium perchlorate (Fisher), sodium hydroxide 

(Baker), acetone (Merck), phosphoric acid (Mallinckrodt), sodium hypochlorite (5% 
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NaOCl, Baker), 5>'/w-diphenylcarbazide(DPC, Aldrich) were obtained as indicated. 

Nanopure deionized water (Bamstead) was used throughout. For preconcentration of 

Cr(VI), a weakly basic anion exchanger (Amberlite IRA-68) was cooled with liquid 

nitrogen for embrittlement and then ground with a mortar and pesfle. This material was 

diluted (1 part to 3 parts of diluent by weight) of non-functionalized chloromethylated 

poly(styrenedivinylbezene) resin (200-400 mesh. Bio Bead SX 100, Bio Rad, Inc.) and 

packed into a minicolumn. 

Extraction buffer and the DPC reagent were prepared according to the IUC-18 

recommendation. 

Leather Samples 

Split and chrome-tanned cowhide leather samples were analyzed. The samples 

were supplied by Texas Tech University Leather Research Institute and obtained from 

regional tanneries. Samples from the different tanneries are designated A, B, C, D, etc. 

Two "vegetable-tanned" leather samples, namely oak-tanned Latigo cowhide (OL) and 

chestnut cowhide (CC), and a "wet blue" cowhide (WB) sample were also analyzed. 

Equipment 

Spectra were acquired on diode array spectrophotometers (Hewlett-Packard, 

8451A and 8453) using 1 cm polystyrene cuvettes. Standalone absorbance measurements 

were also conducted on these instruments. A model 400 Perkin Elmer ICP-OES 
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instrument (sequential, 1300 watts Argon torch) was used for atomic spectrometric 

determination. 

Liquid Core Waveguide Cell Coupled to a Light Emitting Diode 
(LED) based Absorbance Detector 

A flow-through LCW cell was constructed as shown in Figure 2.1 using two ~50 

cm segments of end-polished 1.5 mm core technical grade jacketed acrylic optical fibers 

(Edmund Scientific, Barrington NJ) each inserted into a miniature polypropylene tee 

(Ark-Plas, Barrington, NJ) and retained by elastomeric poly(vinyl chloride) (PVC) sleeve 

tubing (Elkay products, Shrewsbury, MA). The LCW tube was composed of Teflon AF 

2400 (1.27 mm o.d., 1.05 mm i.d., 178 mm long) and were inserted into the free end of 

the tees, such that they formed a butt-joint with the fibers at the center of each tee. PVC 

sleeves retained the AF tubing at the tee termini. Liquid in/out ports are constituted by 

the perpendicular arm of each tee. Light is efficiently transmitted through the system. 

Intrusion of external light was prevented by covering up the LCW cell assembly with 

Aluminum foil covering. The free end of one fiber optic was connected to a solid state 

light source based on a light emitting diode (LED) and that of the other was cormected to 

a photodiode (S2007, Electronic Goldmine, Phoenix, AZ). A third optical fiber was also 

connected to the bottom of the LED and led to a photodiode that served as the reference 

detector. Some experiments were conducted with a retroreflective flow cell of ~6 mm 

pathlength. Such a cell and the detector electronics are described in the next chapter and 

the detector is commercially available (Global FIA, Gig Harbor, WA). 
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Two different light sources were used. One was a high brightness GaP type LED 

with a nominal center emission wavelength of 555 nm (measured 556 nm, type 

HBG5566X, Stanley Electric, Tokyo, Japan) and the second an ultra bright GaN type 

LED with a nominal center emission wavelength of 495 nm (measured 502 nm, type 

590S Nichia America Corp, Mountville, PA), both in 5 mm packages. The LEDs were 

cut flat and polished on the emitter face. The detector output was acquired at 1 Hz by a 

Keithley Metrabyte DAS-1601 data acquisition board housed in a personal computer with 

software written in-house. LED emission spectra were measured with a photodiode array 

PC-card spectrometer (CDI-PDA, Control Development Inc., South Bend, IN). 

Flow Injection Analysis Configurations 

Several different configurations were used. With standards and bleached samples, 

the configurations used are shown schematically in Figxire 2.2. 

Samples with little or no indigenous color or those that have been bleached can be 

analyzed in the manifold of Figure 2.2a. In this scheme, the same phosphate buffer used 

for sample extraction is used as the carrier solution and pumped at 0.27 mL/min; in to 

this stream 470 îL of the leather extract is injected. The DPC reagent is pumped at 40 

fiL/min and merges with the carrier stream at a Y-coimector, followed by a mixing coil 

(0.75 mm i.d. 1 m long, coil. Super serpentine SI, Global FIA, Gig Harbor, WA) that 

provides a reaction time of 2.5 min, prior to detection by the LCW cell. A bubble 

removal tube (porous polyvinylidene fluoride, Accurel, 1 mm id x 50 mm long, ENKA, 

Wuppertal, Germany) was generally incorporated before the detector cell to remove any 
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errant bubbles. An electrically actuated 6-port valve (type 5020, Rheodyne, Cotati, CA) 

and a multichannel peristaltic pump (Minipuls 2, Gilson Medical Electronics) equipped 

with elastomeric pump tubing (Pharmed 1.30 and 0.38 mm i.d. for Rl and R2, 

respectively, and 0.45 mm i.d. PVC tubing for sample/reagent loading to the valve, Cole-

Parmer, Oakbrook, IL) was used for pumping the solutions. Some comparative data were 

also obtained by carrying out the procedure completely manually and measuring the 

solution absorbance (a) manually, using 1 cm cells in the diode array spectrophotometer 

and (b) by injecting the colored solution (310 ^L) into a water carrier which merely 

served as a transport mechanism to convey the sample to the LCW cell - LED 

absorbance detector. 

Preconcentration experiments were carried out with the concentrator minicolumn 

put in the position of the injection loop in the above manifold (Figure 2.2b). 

Minicolumns were made from a 3.5 mm i.d. PTFE tube, 24 mm long, with glass wool 

plugs at each end supported a -20 mm long bed of ground diluted anion exchange resin 

(vide supra), appropriate mini-barbed fittings push-fit at each end provided the liquid 

connections. In this case, the eluent solution was 1 M NaC104 adjusted to pH 11 with 

NaOH. While a dipotassiumhydrogen phosphate buffer is normally used for sample 

extraction, the disodiumhydrogen phosphate buffer was used as the sample matrix to 

avoid precipitation of sparingly soluble potassium perchlorate. 

Samples wdth indigenous color were analyzed using version c of the manifold. In 

this case, the sample extract is the pumped stream and merges with a phosphoric 

acid/acetone stream (the DPC reagent matrix without the DPC). Note that in this system. 
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the injection valve is placed in the lower flow rate R2 stream and it is into the latter the 

DPC reagent is injected. 

To match the overall mixture composition and pH as much as possible to what is 

done in the manual procedure, the reagent compositions used in each case are 

summarized in Figure 2.2. 

Extraction 

The extraction of Cr(VI) from the leather samples obtained from different 

tanneries was carried out as outlined by the IUC-18 protocol. Two grams of leather (to 

the nearest 0.001 g) were used as sample in each case. 100 mL of (0.1 M) K2HPO4 or 

Na2HP04 (pH 8-8.1) was taken in a 250 mL conical flask and the oxygen in it was 

displaced by passing nitrogen for 5 minutes. The leather sample was added next and N2 

gas was flushed again. At the end of 5 min, the flushing was stopped and the flask 

sealed. Extraction was then carried out for 3 h at constant temperature (ca. 25°C). Some 

experiments were also conducted with different extraction times and on samples that 

were not chromium tanned but into which Cr(VI) was deliberately doped. 

The extracted samples were filtered with a 0.3 pim pore size, 25 mm diameter 

cellulose nitrate membrane (Whatman). The pH of the individual extract solutions 

measured by a Beckman 071 pH meter, calibrated with a two-point method, were foimd 

to be in the range of 7.6-7.8. Thus, the samples did not represent large acid neutralizing 

or base neutralizing capacities. 
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Cation Exchange Procedure 

Cr(III) has very limited solubility in an alkaline phosphate buffer while Cr(VI) is 

readily soluble. As such, sample extracts are not expected to contain large amounts of 

Cr(III). However, prior to analysis by an elemental analysis technique such as ICP-OES, 

selective measurement of anionic Cr(VI) requires the removal of any Cr(III) - this was 

accomplished by passing the sample through a H^-form cation exchange resin. Dowex 

50Wx8 (3 mL, 1.7 meq/ml) in H+-form was packed in a 10 mL capacity hypodermic 

syringe and washed thoroughly with deionized water. At least 15 mL of the sample (total 

cation content, primarily due to K+, 0.3 meq) was passed through the resin bed, and the 

last 5 ml was used for analysis. DPC colorimetry and ICP-OES analyses were applied 

directly to the sample extract as well as to the cation exchanged extract. 

ICP-OES Measurement 

ICP-OES is capable of measuring chromium at the single digit jig/L level. The 

extreme temperature of the plasma also eliminates any matrix interference. It is an 

expensive technique in terms of capital and operating costs, requires some degree of 

operator skill and is therefore not likely to a routine analytical tool in the leather industry. 

Nevertheless, it is a reliable and powerful technique for elemental analysis. To establish 

the applicability of ICP-OES to Cr measurement, we analyzed a set of standards blind as 

a quality control measure. In addition, a leather sample extract unspiked and spiked 

respectively with 4, 10 and 20 mg/L Cr(VI) were analyzed. 
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Dye Removal 

Sorbent based removal of dyes were attempted with nonpolar adsorbents like 

Amberiite XAD-2 (a macroreticular poly(styrene-divinylbenzene) (PSDVB) resin, 

Sigma Chemical), octadecyl silica (Sep-Pak CI8, Waters Associates), and cation and 

anion exchange resins (Dowex 50Wx8, Dowex 2x8, both from Sigma). 

A chlorine bleaching procedure was investigated for bleaching the dye. Five 

milliliters of the filtered cation exchanged sample extract was heated to boiling and 0.5 

mL of 70 % H3PO4 was added. To this a 0.5 % NaOCl solution was added drop wise 

until the sample is completely bleached. The amount of bleach needed depends on the 

sample; typically 2-10 drops (-50 fiL each) are needed. If the sample is bleaching 

resistant, the method is inapplicable. The boiling is continued until the odor of chlorine 

is gone. Up to 2 mL of water is typically added during this process to prevent the sample 

from getting to dryness. The bleached solution was then allowed to stand until it was at 

room temperature. The sample was quantitatively transferred to a 25 mL volumetric 

flask and 0.5 mL of the DPC reagent was added and the volume made up to 25 mL. The 

absorbance due to the developed color was measured in a 1 cm cell manually or 

transported to the LED based absorbance detector in a flow-injection arrangement. The 

resulting absorbance was translated into the corresponding Cr(VI) concentration from 

using the appropriate calibration plot. 
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Results and Discussion 

Extraction Profile of CrfVD from Leather Samples 

The extraction profile of Cr(VI) from leather samples most closely resembles a 

first order rate process. The temporal extraction profile of Cr(VI) from individual leather 

samples can vary considerably. Figure 2.3 shows the extracted Cr(VI) concentration as a 

function of time for two samples and the extraction ty, varies between these samples by a 

factor of three. If one considers that it is indeed Cr(VI) that is extracted (rather than 

formed as an artifact during extraction), it is clear that at least for some samples a 3 h 

extraction is inadequate. 

Figure 2.3 also shows the Cr(VI) extraction profile from a vegetable tanned 

leather sample that was deliberately doped with Cr(VI) by first removing indigenous 

color by repeated extractions, soaking in a chromate solution, drying, followed by the 

IUC-18 sample preparation, extraction and analysis protocol. Note that in this case, 

virtually all of the Cr(VI) was extracted by the time the first observation was made at two 

hours and the extraction iy^ appears to be only half hour. 

ICP-OES as a Reference Method 

The results of ICP-OES analysis of Cr(VI) samples analyzed blind are given in 

Table 2.1. The results of analysis of a cation-exchanged extract of a leather sample by 

itself and spiked with various concentrations of Cr(VI) are shown in Table 2.2. These 

data clearly confirm the applicability of ICP-OES as a reference method for the present 

purpose. ICP-OES does measure the total Cr content; leather samples were therefore 
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always cation exchanged prior to analysis to remove any Cr(III) that may be present. 

However, results shown in Table 2.3 indicate that (with the possible exception of the 

Tannery A samples) even when cation exchange is not used, there is typically very little 

Cr(III) present in the extracts of the leather samples studied: this is not surprising m view 

of the limited solubility of Cr(III) in a neutral/alkaline phosphate buffer. 

Diphenylcarbazide Method 

Calibration Results in the Manual Spectrophotometric Procedure. 

A calibration plot for aqueous Cr(VI) standards in the range of 0-400 îg/L in the 

final solution (0-20 fig Cr in 50 ml extract, for a 2 g sample, this corresponds to 0-100 

mg/kg Cr(VI) in the leather sample extracted in to 100 mL), followed the calibration 

equation 

A540nm,icm = 0.0130 [Cr(VI)] -0.0030 (r^= 0.9982) (2.1) 

Both reproducibility (typical rsd 1.5%) and linearity were very good, especially 

compared to other results that have appeared in the literature. ̂ "̂  

Reaction Time 

The time necessary for the completion of the DPC colorimetric reaction has not 

been systematically studied to the best of our knowledge. This was investigated with the 

flow injection manifold of Figure 2.2a, and pumping a constant 60 îg/L concentration of 

Cr(VI) (instead of injecting it), merging it with the DPC reagent and measuring the 

absorbance after the reaction coil. As the pumping rate is changed, the reaction time is 
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changed, without any changes in the overall final composition. The results are shown in 

Figure 2.4. The experimental data are shown as points and the best fit to a first order 

reaction is shown as the solid line. The fit to a furst order rate law is reasonably good (r^ 

= 0.9760) and the best fit half-reaction time is 1.25 min. These results suggest a reaction 

time of 6.5 min (approximately 5 half-lives) is minimally needed for the reaction to be 

reasonably complete if manual measurements are made. Flow injection experiments rel>' 

on reproducible timing and exact completion of the reaction is not critical. FIA 

experiments were conducted at pump flow rates that typically allowed a reaction time of 

2.6 min by which time the reaction was >75% complete. 

Spectral Characteristics of the DPC Reaction Product and the LED 
Source for Flow Injection Measurement 

The DPC reaction product is variously suggested to be measured at 530 or 540 

11 17 

nm. ' The actual absorption spectrum of the product from a sample containing 1.6 

îg/L Cr(VI) is shown in the form of both a transmission and an absorption spectrum in 

Figure 2.5. The absorption occurs broadly over 500-600 nm and is centered at 541 nm. 

For inexpensive photometric detectors, LEDs are attractive sources. However, LED 

sources are rarely perfectly matched with the desired analyte absorption. The normalized 

emission spectra of a GaP emitter with a center emission wavelength of 556 nm and that 

of a GaN emitter with a center emission wavelength of 502 nm are shown in Figure 5 as 

well along with the wavelength dependent responsivity of a silicon photodiode detector. 

For any system that obeys Beer's law with truly monochromatic radiation, the absorbance 

spectra of any given solution is linearly scalable, i.e., if a C molar solution produces a 
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certain spectrum, that of an mC molar solution can be obtained by multiplying the 

background corrected A^ values by m. The corresponding transmittance values are 

simply obtained by antilogarithmic transformation (T;̂  = 10"^). The behavior of this 

colorimetric system with an LED based light source (which is not truly monochromatic) 

in conjunction with a detector whose response exhibits significant wavelength 

dependence in the region of concern is of interest vis-a-vis Beer's law behavior. The 

wavelength dependent intensities of the LEDs (fx) are shown for the two LEDs at each 

wavelength. The transmitted light intensity at each wavelength is then computed by the 

product I }Jx and to obtain the current actually registered by the photodetector, this is 

multiplied by the responsivity factor Rx for the silicon photodetector at that wavelength. 

The sum of the products, SI xT^Rx over the entire wavelength range of interest (over 

which the LED shows any significant emission, in this case, we chose 450-600 nm) is 

then computed to obtain the expected photocurrent. The overall transmittance value for a 

solution of concentration C with an LED source and a silicon photodetector is then 

computed from [ZI^XTXRX]C=C/[SI^XTXRX](H) and the negative logarithm of this value 

yields the expected absorbance. In Figure 2.6, we plot the expected absorbance of the 

two different LEDs calculated numerically as described above as a function of the true 

absorbance at 543 nm. The computed absorbance values are shown as points while the 

solid lines show the idealized behavior extrapolated from low absorbance values and 

assuming zero intercept. Under these conditions, the 556 nm LED is predicted to have a 

35% greater absorbance response. The dotted lines show the best fit straight line through 

all the points, and the condition of zero intercept is relaxed. Actually under this 
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consideration, both LEDs show quite linear response out to significantly high absorbance 

values, with the 556 nm LED being expected to show a 44% greater absorbance response. 

As may be intuitive from the emission profiles shown m Figure 2.5, the 556 nm 

LED provides a better match to the absorption spectrum than the 502 nm LED. 

However, at a drive current of 20 mA, the latter LED is ~20X brighter than the former. 

Since the detector noise is often dependent on the total amount of light available, it was 

worthwhile nevertheless to experiment with both LEDs to determine which one actually 

allows a better limit of detection. 

Flow Injection Analysis System Performance 

Figure 2.7 shows the results obtained with the flow injection system of Figure 

2.2a, with the LCW cell and both the 502 and 556 nm detectors over a concentration 

range of 2-100 |ag/L Cr(VI), with 2-4 replicate injections at each level. The insets on the 

left are 50 fold magnifications of the 2 |j.g/L level injections and considerations of the 

signal to baseline noise and drift at this concentration indicate that the attainable LOD is 

substantially below the 1 |ig/l level. Both data sets indicate very good linearity (linear r̂  

for 502 and 556 nm LEDs were greater than 0.9983 and 0.9985, respectively). The 

calibration slope was 33% higher for the 556 nm LED, close to that predicted. The light 

intensity of the less bright 556 nm LED was nevertheless enough so that there was no 

excess detector noise and this LED therefore provided a better LOD. This LED was 

henceforth used as the source. 
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Results of comparative measurements by the LCW cell - FIA analysis and 

manual spectrophotometry for samples from four different tanneries (extract Cr(VI) 

concentrations were varied by sample amount and/or extraction time) are shown in Figure 

2.8. The solid line drawn is the 1:1 correspondence line. The two sets of data correspond 

to each otiier very well at the lower Cr(VI) concentrations. At higher Cr(VI) 

concentrations, the nonlinearity of the LCW cell at high absorbances causes some 

underestimation. Of course, the real utility of the LCW arrangement is at low Cr(VI) 

concentrations at which reliable measurements could not be obtained by manual 

spectrometry for comparison. 

Performance of the Preconcentration Based Flow Injection Analysis System 

In some cases, it may be desirable to analyze samples with very low Cr(VI) 

concentrations. Chromate is particularly strongly retained on most anion exchangers; 

however, it is possible to elute it after preconcentration with very strong eluents. For this 

reason, we chose to limit our experiments to weakly basic anion exchangers - since 

preconcentration takes place in mildly acid to mildly alkaline solutions, it should be 

possible to facilitate elution by using a more strongly alkalme eluent. Amberlite resin 

IRA-94 was first tried but elution time was too great. Amberlite IRA-68 led to much 

better results. Elution with 0.1-1 M concentrations of Na2HP04 or Na2S04 still resulted 

in too long a retention. Eventually, satisfactory elution time and preconcentration results 

were obtained with a 2 cm long column packed with ground IRA-68 diluted 3:1 with a 

nonionic resin diluent and using a 1 M NaC104 eluent adjusted to pH 11 with NaOH. 
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There is considerable difference in salinity (and consequently refractive index) 

between a sample extract and the 1 M NaC104 eluent used in this system as eluent/carrier. 

At the time preconcentration ends and the column is switched to the inject/elute mode, 

the column is filled v^th the low RI sample solution which is displaced by the perchlorate 

eluent. As tiiis low RI plug enters into tiie LCW cell the apparent absorbance increases 

because of the RI effect on an LCW. However altiiough the chromate peak is not 

separated from the refractive index disturbance peak; no errors are caused in height based 

quantitation of the chromate peak. 

When 10 ng/L Cr(VI) was preconcentrated for 0-10 min (flow rate 0.19 mL/min), 

the response was linear v^th preconcentration time (r̂  = 0.9995). Similarly when 1.34 

mL (7 min @ 0.191 mL/min) of 0-10 \ig/L Cr(VI) was preconcentrated, the response was 

linear vsdth concentration (r̂  = 0.9959). If all the data are culled together and the peak 

absorbance plotted against the injected amount, this is also linear (r̂  = 0.9991). Although 

we report here data for only one sample loading rate, it is possible to use much higher 

flow rates which will be desired if higher sample volumes are to be preconcentrated to 

attain even lower detection limits. Note that as long as the interstitial space in the 

preconcentration column is filled with the sample extract, the contribution of the 

refractive index disturbance is constant and is not dependent on exactly how much 

sample is preconcentrated. 

Figure 2.9 shows the system output for 0, 2.7, 5.35, 13.4, 57.3 ng of Cr(VI) 

preconcentrated. 
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Presence of Dye in tiie Samples 

All leather samples we studied produced extracts that were very strongly colored. 

The indigenous (without the addition of DPC) absorbance of tiiese extracts at 540 nm 

were in tiie range of 0.3-0.5, tiiat corresponds to 25-39 mg Cr(VI)/kg. It is apparent tiiat 

any additional colored product formed by tiie presence of, say 3-5 mg/kg Cr(VI) would 

be difficult, in some cases impossible, to ascertain by tiie conventional colorimetric 

analysis. 

Reversed Flow Injection Analysis Procedure 

The first attempt to deal with the colored samples were made with a reversed FIA 

procedure. In this configuration (Figure 2.2c), tiie sample extract was a pumped stream 

and this was merged with a stream of H3PO4 (not containing DPC). Into the latter stream, 

the H3PO4 - DPC reagent was injected. Because of the high detector background 

represented by the sample, the short pathlength retroreflective cell was used instead of the 

LCW cell. It was expected that the ability of the present detectors to operate at low light 

levels will allow the detection of the Cr(VI)-DPC product atop the sample backgroimd. 

However, this attempt proved imsuccessful for a number of the samples used in this 

study. If in lieu of the sample extract, if a low level standard Cr(VI) solution was used 

(containing in fact a much lower Cr(VI) concentration than contained in the sample 

extracts as determined by the reference method), injections of the DPC reagent readily 

produced the expected peaks in this reversed FIA mode. It would therefore appear that 

the presence of (certain) dyes or other materials in the extract may cause problems with 
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the DPC colorimetric reaction itself While this may at first be perplexing, some of tiiese 

dyes (or other leached substances) themselves are oxidizable and as such, the acidic 

dichromate may react preferentially with tiie dyes tiian witii DPC. To test this 

hypothesis, we added KMn04 to the flowing Cr(VI) standard stream to provide a 

oxidation resistant simulated colored background. However KMn04 ends up oxidizing 

DPC and is itself reduced to coloriess Mn^^ and no conclusions could be drawn. We 

were able, however, to do the desired experiment with an oxidation resistant dye, Acid 

Chrome Dark Blue, that was added to the Cr(VI) standard to provide a simulated colored 

Cr(VI) bearing extract. The Cr(VI) signal was readily visible. 

These results suggest that attempts to make blank corrections by measuring the 

dye background in a colored sample extract can ht fundamentally flawed. We have 

confirmed that if a Cr(VI) spike is added to several of our colored sample extracts, 

analysis by the manual DPC method produces as little as 5% recovery for some of the 

samples. Indeed, this problem may be intrinsically present in other sample extracts in 

which there are no dyes, because there may be colorless components in the extract that 

are more easily oxidizable than DPC. This is discussed in a later section. 

Dye Removal 

One common misconception seems to be that the dyes present in the extract can 

be readily removed by commercially available sample pretreatment cartridges without 

affecting the Cr(VI) content.^^ This enthusiasm is misguided. The dyes are hydrophilic 

(which is why they are extracted to begin with) and in most cases pass unretained through 
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macroreticular poly(styrene divinylbenzene) (PSDVB) resins like Amberlite XAD-2 or 

C-18 silica based adsorbents. The dyes m all our samples pass unaffected through cation 

exchange resins such as Dowex 50Wx8. The dyes are completely removed by anion 

exchange resins such as Dowex 2x8 which suggests that tiie dyes used in dyeing tiiese 

leather samples are probably anionic, typical sulfonate, dyes. Unfortunately, removing 

the dye by an anion exchange resin is not of any value since Cr(VI) is anionic and is also 

completely removed. The significant dye content of the samples also clearly indicate that 

these samples cannot be economically analyzed by anion chromatography. It is well 

known that aromatic sulfonated dyes are so strongly retained by PSDVB based anion 

exchangers that they are likely to effectively poison the column. 

Bleaching Procedures 

Hydrogen Peroxide did not bleach the dye in any of the samples either at room 

temperature or under boiling conditions. Sodium hypochlorite (0.5 %) was found to be 

effective in bleaching the dye, especially in hot solution. It was found, however, that 

excess hypochlorite produces a blank response. Typically, it requires 2-10 drops of 0.5% 

hypochlorite to bleach a 5 mL sample aliquot (and a significant amount of hypochlorite 

may remain unreacted), while 2 drops of hypochlorite added to a similar blank aliquot 

raises the blank response by 4 mAU; unless corrected for, this will correspond to an error 

in the Cr(VI) measurement of 1.4 mg/Kg (if 2 g sample were extracted in 100 ml). 

The procedure described in the experimental section was hence adopted; this 

procedure results in the final solution being acidic from which chlorine is driven off as a 
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gas by boiling. Using this procedure, the recovery of standard amounts of Cr(VI) was 

tested and found to be very good. For example, at the 100 \xg/\ level, an unbleached 

sample produced a net absorbance of 0.0545±0.0002 and the same sample, processed 

through tiie hypochlorite bleaching protocol produced a net absorbance of 0.0542 ± 

0.0001. 

Oxidative bleaching that does not affect the Cr(VI) content not only removes the 

dye content, it also removes other oxidizable material that can potentially interfere by 

consuming Cr(VI). Results presented in Table 2.4 substantiate this. Among the samples 

tested, only the C-samples had background dye content low enough to permit 

measurement of unbleached samples. At least part of the dye in the A-samples could not 

be fully bleached. The A-samples aside, LCW-FIA determinations of the cation 

exchanged bleached samples corresponded reasonably well with the ICP-OES reference 

measurement. However, a comparison of the results obtained by bleaching only as 

opposed to bleaching preceded by cation exchange shows that without prior cation 

exchange, the results are 2-3 times higher. The corresponding ICP-OES data establish 

that the Cr(III) content of the samples are too small for this interference to be caused by 

any Cr(III) present that could arguably be oxidized to Cr(VI) during bleaching. There are 

therefore other unknown species, possibly other metals that are responsible for this 

interference. Such interference is known^^ and has been observed by others,^ but cation 

exchange has not been a part of the IUC-18 protocol.Finally, although it was possible for 

only one group of samples to be colorimetrically analyzed without bleaching, the results 

indicate that when samples are analyzed as is, the Cr(VI) content is grossly 
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underestimated. This is likely due to tiie consumption of tiie Cr(VI) by tiie extracted 

oxidizable material as previously mentioned, underscoring tiie fundamental flaws in the 

IUC-18 protocol as practiced. It should be noted that tiie LCW-FIA measurements were 

duplicated by conventional spectrophotometric measurements and exactly the same 

pattern resulted. 

The Origin of Crfyp in Leather Samples 

The exact origin of Cr(VI) in leather is not known. However, the use of pigments 

such as lead chromate^^ or the use of incompletely reduced chromium tanning agents are 

considered as possible causes for the origin of Cr(VI). The origin of Cr(VI) during the 

combustion of Cr(III)-bearing leather has been studied.^^ Short of extreme situations 

such as combustion, the possible oxidation of Cr(III) to Cr(VI) during air exposure has 

been suggested, it is possible that the photoinduced production of hydroxy or 

hydroperoxy radicals may be responsible.^ As with most animal products, leather 

contains fats and oils with unsaturated linkages and such compounds undergo 

autooxidation in an oxic atmosphere to form hydroperoxides. ' It is well known that in 

alkaline solutions, Cr(III) can be oxidized by hydroperoxides to Cr(VI). 

In a recent newsletter from the Leather Industries of America,^^ it has been 

suggested that indeed oxidants such as hydroperoxides may be leached from leather 

during the extraction process. These oxidants then oxidize Cr(ni) to Cr(VI) (either 

within the leather or in the solution phase) giving false positive results. The results that 

we have presented in Figure 2.3 regarding the temporal oxidation profiles support such a 
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conclusion. Cr(VI) is highly water soluble and as apparent from the profile of the 

artificially doped vegetable tanned leather sample, tiie extraction is rapid. The much 

slower apparent Cr(VI) extraction rate observed in the real samples is likely therefore due 

to the production rate of Cr(VI) and not the extraction rate. It has been suggested tiiat 

extraction in a lower pH buffer such as acetate is likely to produce more reliable results. 

Thus, it is possible to suggest that tiie actual situation may be still more 

complicated. If the only change that is made to the IUC-18 procedure is to lower the pH 

of tiie extraction buffer, one may actually end up underestimating tiie Cr(VI) content 

because oxidation of indigenous oxidizable material that may be co-extracted from the 

leather; such oxidation vdll be more facile at a lower pH. The applicability must be 

proven by standard addition to each sample type. To get a true value of Cr(VI) in the 

sample it will be necessary to perform an in-situ measurement with a technique such as 

electron spectroscopy for chemical analysis (ESCA) that can differentiate between Cr(VI) 

and Cr(III) based on the considerable difference in electron binding energy in the two 

states. While we hope to report on results obtained with such a technique in the future, it 

is not likely that such a technique will ever become practical for analysis; it also cannot 

provide true bulk composition. There is also the question as to whether the issue is 

analytical fidelity or the intent behind the regulations. If the intent behind the regulations 

is to reduce human exposure to Cr(VI), contact exposure from outerwear occurs mostly 

via sweat and the pH of sweat and most other body fluids are much closer to the pH 8 

buffer presently used, than a lower pH extractant. 
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Table 2.1. ICP-OES Measurements, Blind Analysis of Reference Standards 

Cr(VI) taken, ppm Cr(VI) found, ppm (sd) 

0.01 0.01(0.00) 

0.02 0.02(0.00) 

0.06 0.06(0.00) 

0.10 0.09(0.00) 

0.20 0.19(0.01) 

0.30 0.28(0.02) 

0.40 0.36(0.02) 
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Table 2.2. ICP-OES Measurements, Results of Spiking a Leatiier Extract 

Sample Cr(VI) found, mg/L (sd) 

D extract (DX) 11.2(0.25) 

DX + 4 mg/L spike 15.5(0.11) 

DX + 10 mg/L spike 21.5(0.08) 

DX + 20 mg/L spike 31.6(0.13) 

38 



Table 2.3. ICP-OES Measurements, Cation Exchange Versus No Cation Exchange 

Sample 

A-1 

A-2 

B 

C-1 

C-2 

D 

WB 

OL 

CC 

Sample Extract (As is) 
Cr, mg/L (sd) 

5.4(0.15) 

7.2(0.18) 

8.4(0.24) 

6.4(0.46) 

6.3(0.28) 

11.2(0.25) 

0.98(0.07) 

0.22(0.04) 

0.65(0.28) 

Sample Extract (Cation Exchanged)(sd) 
Cr, mg/L (sd) 

4.3(0.1) 

6.0(0.2) 

8.2(0.2) 

6.2(0.3) 

6.2(0.2) 

11.2(0.2) 

~ 0.89(0.12) 

0.19(0.05) 

0.62(0.03) 
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Table 2.4. Effects of Bleaching and Cation Exchange 

Sample LCW-FL\ Cr(VI), ppm after Sample ICP-OES ICP-OES 
Treatment Cr(VI), ppm Total Cr, ppm 
Bleaching Catex (Catex) (No Catex) 

As Is Only +Bleaching 

A-1 23.5±0.9 8.3±0.4 

A-2 22.4±0.2 11.8±0.2 

B 12.6±0.5 2.7±0.4 

C-1 2.61±0.1 16.1±0.6 7.2±0.8 

C-2 2.20±0.15 12.5±0.1 4.5±0.0 

D 16.4±0.6 11.4±0.1 

4.3±0.1 

6.0±0.2 

8.2±0.2 

6.2±0.3 

6.2±0.2 

11.210.2 

5.4±0.1 

7.2±0.2 

8.4±0.2 

6.4±0.5 

6.3±0.3 

11.2±0.3 
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Figure 2.1. Liquid Core Waveguide optical absorption measurement cell, 
schematically shown. 
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Figure 2.2.. Flow injection analysis systems used in this study, (a) standard FIA system, 
Rl: phosphate buffer used for extraction, R2: H3PO4-DPC reagent (7.5 ml of H3PO4 + 7.5 
ml of DPC + 35 ml of phosphate buffer), S: Bleached or colorless sample extract, L/C: 
0.85 X 700 mm, 470 \i\ (b) FIA system used for preconcentration Rl: 1 M NaC104 
adjusted to pH 11 with NaOH, R2: H3PO4-DPC reagent (7.5 ml of H3PO4 + 7.5 ml of 
DPC + 35 ml of disodiumhydrogen phosphate buffer), S: Bleached or colorless sample 
extract adjusted to pH 4 with H3PO4, L/C: 3.5 x 24 mm and (c) Reversed FIA system S: 
Colored sample extract, R2: H3PO4-Acetone reagent (10 ml of H3PO4 + 10 ml of acetone 
+ 30 ml of phosphate buffer), R3: H3PO4-DPC reagent (10 ml of H3PO4 + 10 ml of DPC 
+ 30 ml of phosphate buffer), L/C: 0.75 x 20 mm, 80 îl. 
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Figure 2.6 Theoretically computed response behavior. 
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Figure 2.7 Performance of the FIA-LED-LCW detector system with two different LED 
sources. The injections are in replicate with 2-4 replicates at each level. From left to 
right, injected Cr(VI) concentrations in îg/l are: 2, 4, 5, 10,20,40, 60, 80,100,150, and 
200 ppb. The left hand insets are 50-fold magnifications of the lowest (2 ppb) injections, 
showing that the LOD is actually substantially below this level. 
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Cr(VI) concentrated at 0.19 mL/min for 7 min; topmost: 100 |ig/L Cr(VI) concentrated at 
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CHAPTER III 

OPTCAL FIBER COUPLED LIGHT EMITTING DIODE BASED ABSORBANCE 

DETECTORWITH A REFLECTIVE FLOW CELL 

Introduction 

Measurement of optical absorbance is the most commonly used detection method 

for flow analysis; these include high performance liquid chromatography, flow injection 

analysis (FIA) and sequential injection analysis methods. There is contmumg interest in 

developing miniaturized optical absorbance detection methods, down to the capillary 

scale. LEDs are inexpensive, long life, high brightness, low-noise, nearly 

monochromatic sources that are particularly attractive in conjunction with photodiodes 

for the fabrication of all solid-state flow through photodetectors. Approaches to 

fabricatmg such photodetectors were reviewed by Dasgupta et al. in 1993.^ At that time, 

the only true high brightness LEDs were available in the red (660 nm, AlGaAs emitters) 

and longer wavelengths. In the intervening years, major progress have been made 

towards the commercial availability of very high brightness LED sources in shorter 

wavelengths. GaN and InGaN based emitters in particular have led to very bright green, 

blue and even UV emitting LEDs with optical output powers at the milliwatt level.^ 

Klipstein"* maintains a frequently updated information site on the web that is an excellent 

source of information on high brightness LEDs and where they can be purchased. Also 

in the intervening period, GaN-based photodiodes have become commonly available that 

respond only in the UV and have no response to visible light.^ 
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The interest in LED-based optical detectors is long standing.^^ Even 

multiwavelength photometers based on switch-selectable emitters, have been made.^ 

More recently, as capillary scale analytical methods, most notably capillary 

electrophoresis, are becoming popular, the use of LED based detectors for such studies 

are also increasing. ' The use of capillary scale liquid core waveguides has permitted 

LED-based fluorescence detectors with attomole detection limits.'^ 

Traditionally, whether capillary based or of conventional size, the light source and 

the photodetector are placed in close proximity to the detection cell. If the cell is not 

akeady within the electronics enclosure (an arrangement that has its own problems if 

there are any potential leaks) and must be remotely located (this is desirable in a variety 

of situations), the photodetector signal, typically in the nanoampere range, must be 

carried over signal cables. This greatly limits the length of the cables and even with short 

shielded cable coimections, the system is often susceptible to electrical/electromagnetic 

interference from the external environment. 

One solution is to amplify the signal at the detection cell before it is transmitted. 

Phototransistors, rather than photodiodes, can be used for this purpose but the variety of 

available phototransistors is limited and the intrinsic noise level is often higher. A 

second solution is to use a low-noise operational amplifier in close proximity to the 

photodiode and transmit this amplified signal to the main electronics enclosure. When 

the light level is very small, as in capillary scale absorbance detectors, immediate 

amplification of the photodetector output is carried out before any other further 

processing to attain low noise. This is done even when the "cell" and the processing 
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electronics is located in the same enclosure.^^ To practice this with a cell remotely 

located from the detector electronics, the complexity of the umbilical connection 

increases significantly. 

An alternative to electrical communication between the detection cell and the 

processmg electronics is to use optical communication. The use of optical fibers to carr> 

optical signals to and from a FIA detection cell was first proposed by Ruzicka and 

Hansen. '' A fiber coupled detector can also be used in applications other than liquid 

phase measurements, such as reflection or transmission based measurements in 

microbead packed columns. ̂ ^ This concept, embodying in particular a sandwich 

construction where a membrane serves as a gas diffusion element between the two halves 

of a cell and also serves as an optical reflector was elaborated subsequently by Pavon et 

al. Dasgupta et al.^^suggested that for uses other than gas diffusion etc.. a more 

conventional reflector with a higher reflectivity than a membrane ^\ill increase light 

throughput and improve S/N. More importantly, they found that the reflective path cells 

have a lower refractive index sensitivity than conventional cells. 

Most optical cells used for flow-through appUcations suffer from refractive index 

artifacts; this has been known for over two decades.^ Common methods adopted to 

reduce the RI changes include imaging a source on the exit window with focusing optics 

.22 23^4 and using t^)ered cell construction or using a second wavelength as a reference. ^ In 

difficult samples, this can be such a vexing problem that one major advantage of 

monosegmented flow analysis in the multiple injection format is seen to be the 

introduction of a homogenized sample/reagent or sample/diluent aliquot and thus 
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eliminate refractive index gradients. This cannot, of course, eliminate static refractive 

index effects which leads to a variable degree of reflective light loss at the glass-liquid 

interface as the liquid refractive index varies. In a conventional Z-cell, the light path is 

coUmear with the liquid flow path, hi contrast, in the reflective cell design,̂ '̂̂ ^ the light 

path is orthogonal to the liquid flow path and the light is reflected back almost along the 

same path, reducing refi'active index sensitivity substantially. 

Finally, most flow-through optical absorbance detection cells in use today have 

various degrees of sensitivity to bubble or foreign particle entrapment problems. In 

HPLC, the detectors encounter only highly filtered samples and flow restrictors are often 

added to the cell exit to reduce bubble formation. The heritage of using HPLC type 

detectors from the early days of FIA has led to flow cells that have narrow entrance and 

exit bores and are particularly susceptible to bubble/particle entrapment, an important 

issue in process applications. Using the radial path across the flow conduit as the optical 

path provides a simple solution. In particular, the entrapment problems are vastly 

reduced for a linear flow path and a large exit bore. Normally this would result in a 

limited path length but reflective optics increases the path length to offset this 

disadvantage to a significant degree. 

This work describes a low-cost fiber optic coupled detector/cell that permits rapid 

light source changeover, has very low reflective index susceptibihty, does not trap 

bubbles and exhibits good signal/noise and drift performance. 
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Experimental 

Flow Cell 

The design of the flow cell is shown in Figure 3.1. The cell itself is composed of 

a (inside dimensions 3 x 3 mm) square cross section glass or quartz tubing T (Vitrocom. 

Mountain Lakes, NJ) that has been tapered as shown on the entrance side to an i.d. of 

~0.7 mm to match with the conduit inner diameters used in the flow manifold. The 

smooth taper provides a smooth flow transition and good washout profiles without 

leading to added flow noise. 0-rings on both sides provide necessary liquid sealing. 

Figure 1 shows an insert I into which two 1.5 mm core, jacketed technical grade acrylic 

optical fibers (Edmund Scientific, Barrington, NJ) Fl and F2 are push-fitted side-by side. 

The fiber optic ends are cut flush with the insert end and polished for good light 

throughput. The insert fits snug into an appropriately drilled hole in the cell holder body 

B. The fiber optic bearing insert is pushed flush to address the cell face and then fixed in 

place in the correct orientation with a retaining screw. On the opposite side of the cell, 

arrangements are made to reflect the launched light. In an initial design, a front surface 

concave mirror C was placed on the obverse face of the cell with a retaining nut N as 

shown in Figure 3.1. However, subsequent experiments showed that the simple 

expedient of silvering the outside of the cell body itself (Silvering Kit E-0060, Wih 

Industries, Lake Pleasant, NY) provides the same results. In silvering, care should be 

taken to cover the entrance and the exit apertures of the cell to prevent the internal 

surface from being silvered. We find it expedient to silver the entire exterior of the cell 

and then remove the silver from the optically addressed face. The silver coating is 
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protected by a clear acrylic spray coating. The results presented in this thesis include 

data from either type of reflector design without distinction. 

Light Source and Photodetector Arrangements. 

The optical fiber LED/photodetector arrangement is shown in Figure 3.2. On the 

electronics board C, the reference and signal silicon photodiodes (S2007, Electronic 

Goldmine, Phoenix, AZ) are placed side by side on the circuit board on areas that are 

painted flat black to reduce stray light. Both detector diodes are covered with male SMA 

panel "hat" connectors S that are also intemally painted black. The details of the LED 

holder H, constructed in three pieces, appear in the bottom panel of Figure 3.2. The 

bottom of the LED holder contains spring-loaded electrical connector pins P and a 

polarity assuring alignment pin A. The aperture on the bottom of this piece is V4-36 

threaded so that it can be directly threaded into the SMA connector covering the 

reference photodiode. The middle piece of the LED holder, TFL is shaped like a 

stovepipe hat, with appropriately cut slots in the disk portion to accommodate the leads E 

of the LED L and an upper ^4-28 threaded aperture through which the transmitting optical 

fiber T is affixed by a male nut and ferrule (used for retaining 1/8 in. o.d. tubes). The 

LEDs themselves were used after the excess plastic on the top of each LED was removed, 

rendering them flat. The epoxy top covering the emitter chip was largely removed, care 

being taken so that the bonding wire is not endangered. The top of the LED was polished 

using plastic buffmg compound that was applied on the flannel buffs of a rotating wheel. 

The LED was then gently pressed against the face of the rotating wheels and buffing was 
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conducted until the surface of the LED was shiny and free of scratches. Finally, the top 

part of the LED holder, the retaining cap RC holds the other two components together. 

The optical fiber carrying light back from the cell is fixed on the detector photodiode 

with the aid of a 1/8 in. tubing ferrule and using an SMA-threaded female nut that is 

bored out to accommodate the large core optical fiber. The bottom two pieces of the 

LED holder H are constructed of opaque black plastic to eliminate stray radiation. 

The light emission from the bottom of an LED is device dependent and depends 

both on the design of the cathode cup that holds the emitter chip^ and the care taken to 

polish the top surface. For processing electronics that has a range of at least 2 AU, it is 

desirable that with water flowing through the cell the detector offset is able to provide 

readings of ± 1 AU. If there is to be departure from this, it should be remembered that 

most detection systems result in positive absorbance signals over a background rather 

than a negative absorbance signal from a high background. Consequently, the demand 

placed on the detector generally requires the capability of offsetting a high blank 

background. The direct placement of the bottom of the LED holder atop the reference 

diode SMA is often sufficient to accomplish this. If this results in too littie light reaching 

the reference detector, a fiber cut to the right length is put in the space between the 

bottom of the LED holder and the photodetector. The best combination is generally 

achieved by having such a fiber but sanding down one end of the fiber to prevent too 

much light reaching the reference detector. 
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Electronic Des i^ 

The present detector was based on a log ratio amphfier (LOGIOOJP, Burr-Brown 

Corp., Tucson, AZ). The photodiode outputs were cormected directly to the amplifier 

input, which was operated at a fixed gain of 5 V/AU. User-selectable jumpers are 

provided on-board that allows selecting gams of 1 V/AU or 3 V/AU. User-switchable 

jumpers are also provided so that fixed current inputs can be substituted for the 

photodiode inputs. This allows operation as a single beam detector, checking temporal 

stability of the LED output and electronically checking the accuracy of the output per 

absorbance unit (and adjusting that, if desired). The amplifier output is available in 

analog form and is also registered on a 3-1/2 digit display, calibrated to read out in 

absorbance units. The only extemal control is the zero adjustment, this spans a maximum 

of-2.7 AU. The detector is commercially available from Global FIA (Gig Harbor, WA) 

or AnalTech (Lubbock, TX). 

LEDs used in the present experiments displayed the following peak emission 

wavelengths (as measured by a calibrated high resolution photodiode array detector): 436 

nm (C430-CB290-E1000, Cree Research, Durham, NC), 495 nm (590S, Nichia America 

Corp, Mountville, PA), 555 nm and 605 nm (HBG5566X and HAA5566X, respectively, 

Stanley Electric, Tokyo, Japan) and 658 nm (El 84, Gilway Technical Lamp, Wobum, 

MA). All were used at a drive current of-20 mA. 
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Comparative Expenments 

As a comparison, previously described^ log ratio amplifier based on a hybrid 

monolithic integrated circuit (757N, Analog Devices, Norwood, MA) were done. The 

same photodiodes as used in the other detector were used. But these were located 

extemal to the electronics enclosure and connected to the latter by shielded cable and 

BNC connectors. 

A bifurcated fiber cable with bundle diameters of 1.2 mm in the branched legs 

was also tested in place of the large core acrylic fibers. 

All experiments were conducted in a FIA mode, with a single-line manifold 

constructed from 0.8 mm i.d. poly(ethylvinylacetate) tubing. The injection valve was 

equipped with a 75 pL loop and the length of tubing connecting the injector and the 

detection cell was 28 mm. To avoid noise contributions from pump pulsations, gravity 

flow (0.80 mL/min) was used. 

All chemicals were of reagent grade and were used without purification. Sodium 

tetraborate(Na2B4O7.10H2O, EM Science), boric acid (H3BO3, Baker), bromthymol blue 

(BTB, Eastman), acid alizarin violet (Aldrich), methylene blue (Baker) were obtained as 

indicated. Nanopure deionized water (Bamstead) was used throughout. In FIA studies 

with bromthymol blue, the solution was made up in 10 mM borate buffer (pH - 8.9). 

Borate buffer was also used as the carrier. Acid alizarin violet and methylene blue were 

prepared in deionized water and injected into a water carrier. 

The detector output was acquired by a Keithley/Metrabyte DAS-1601 data 

acquisition board housed in a personal computer with software written in-house. This 
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software allowed the A/D card to sample at its maximum sampling rate of 100 

Ksamples/s and averaged it on the fly to the indicated sampling period. 

Results and Discussion 

Noise and S/N Characteristir<; 

Figure 3.3 shows the baseline traces obtained under different conditions. Traces 

a-c were obtained with a 605 nm emitter with data averaged over (a) 1 s, and (b) 0.25 s. 

Trace c shows the 0.25 s data smoothed by a 4 point running average routine in Microsoft 

Excel. Trace d shows similar data for the 495 nm emitter (which is much brighter than 

the 605 nm emitter and results in a 12X greater photocurrent). Trace e shows data for the 

detector with a 430 nm LED operated in the single beam mode. 

With an 1 s integration time, the p-p noise that is observed with either the 605 nm 

or the 495 emitter is essentially the same, in the single digit fiAU (all noise values quoted 

in this paper are p-p, measured over a period of 45 min). This suggests that the light 

intensity, at least between these two cases, is not a limiting factor in governing the noise. 

This, however, is a consequence of the use of the large core optical fibers with excellent 

light throughput. Under otherwise identical conditions, when the 605 nm emitter was 

tested with the much smaller numerical aperture bifurcated fiber, the noise level 

increased by 60%. With various different emitters and repeated runs over an extended 

period of study, our results show a noise level ranging from 3-20 |iAU. This is 

comparable to the best results reported for transmission based optical absorbance 

detectors, LED-based or otherwise. The maximum detector output drift rate was observed 
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to be in the range of 1.3-4 ^lAU/min. Detector baseline drift is largely dependent on 

temperature variations. In a laboratory environment, over a period of 1 h, the maximum 

base line excursion from the mean was observed to be ± 50 l̂AU. Both drift and noise 

are clearly much worse when the detector is operated in the single beam mode (trace e. 

note that this LED produces a photocurrent larger than that elicited by the 605 nm 

emitter). 

Regarding traces a and b in Figure 3.3, in accordance with theoretical 

expectations, the observed noise increases approximately in proportion to the square root 

of the sampling rate. Averaging the data over the same interval of time thus results in 

comparable performance, as between traces a and c. 

A typical chemical research laboratory is a electrically noisy environment. Large 

numbers of individual components with various power loads undergo changes in their 

power consumption. Carrying low levels of current to remotely located processing 

electronics invites induced noise. When the present cell and fibers were coupled to the 

older electronics and its externally located photodiodes (that were coupled to the fibers), 

the noise increased dramatically, by two orders of magnitude relative to the present 

detector, to -1 mAU. When the photocurrent was reduced further through the use of the 

smaller aperture fiber optic cable (which resuled in a light throughput reduction of more 

than 5X), noise increased even further, to -3 mAU. 

When the intemal jumpers in the present detector was switched from monitoring 

photocurrents to fixed input currents, the noise level was found to be the same as that 
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observed in the best case with the LEDs and the cell in operation. This suggests that the 

design performs at or near the limits of this electronics. 

Linearitv SniHip<; 

Response linearity over a significant range of concentration is a desirable 

characteristic of any detector. Direct transmittance detection is an attractive option for 

capillary scale detectors because of the simplicity of the electronics and the fact that at 

very low absorbance values the relationship between concentration and transmittance is 

quite linear." In the case of an LED-based detector, due to finite bandwidth and 

mismatch between analyte absorption and LED emission, the linear relationship between 

concentration and the observed absorbance can be significantly compromised. The net 

effects from limited monochromaticity is the same as that with stray light. In Figure 3.4, 

this situation is graphically illustrated for transmittance and absorbance that are plotted 

for an analyte of molar absorptivity 5000 m a 5-mm cell for 0,10, 30 and 100% stray 

light. The exact absorptivity and path length is unimportant, it is the overall absorbance 

that matters. Note the departure from linearity is marked at high stray light values and 

this is more so for the transmittance plots. For the present detector equipped with a 658 

nm emitter LED, linearity was studied with different concentrations of methylene blue 

which has an absorption maximum at 664 nm. The response of the detector to methylene 

blue was found to be linear (r̂  > 0.999) with an intercept statistically indistinguishable 

from zero up to an absorbance of 0.65. For alkaline bromthymol blue detected with a 605 

nm LED, the spectral match is poorer and strict linearity through zero (criteria as above) 
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extends to 0.4 AU. An even poorer spectral match and a limit of strict linearity of 0.15 

AU was observed for the 495 nm LED and acid alizarin violet. The limited 

monochromaticity / stray light issues are particularly important for capillary scale 

detectors and have been discussed in more detail in the literature.' 

Immunitv to Air Bubbles 

One of the important features of the present cell design is its relative immunity to 

air/gas bubbles when the exit is pointed vertically upward. The rectangular cell cross 

section tapers to a circular bore at the entrance to reduce dispersion and flow noise. The 

response to purposely injected air bubbles at different duration is shown in Figure 3.5. It 

is obvious that air bubbles pass through the cell completely and efficientiy. 

Refractive Index Effects 

The reflective light path in the present flow cell is orthogonal to the flow 

direction. This causes the light beam entering the flow cell to essentially retrace its path 

upon reflection, thus greatly reducing the refractive index artifact. In Figure 3.6, we 

show a situation where 50% methanol is injected into water for (a) a 5-mm path length Z-

path cell and (b) the present cell under otherwise identical conditions. A similar trace is 

shown when alkaline bromthymol blue in borate buffer and in 50% methanol is injected 

to a purely aqueous 10 mM borate buffer in the same two cells. The artifact absorbance 

response to methanol is very high in the conventional cell. Therefore, it is not surprising 

that in the conventional cell, when BTB is dissolved in methanol, the apparent response is 
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very much higher than when it is dissolved in water. It should also be noted that the 

responses are not sunply additive. Indeed, the practice of FIA with optical absorbance 

detection is likely more plagued with errors from refractive index mismatch between the 

sample and the calibrant than is commonly realized. This problem should be worse for 

capillary scale detectors. The extent of this problem is obviously ver\ much less with the 

present detection cell. 
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Figure 3.1 Cell design. T: rectangular cross section glass/quartz cell, put in cell body B 
and sealed by 0-ring seals on either side. IN/OUT connections are %-28 
threaded. Insert I carries Fiber optics Fl and F2 that sit flush against the cell 
wall. Front surface concave Mirror C is held by nut N on the obverse side of 
the cell, altematively, the cell is silvered on all but the face addressed by the 
optical fibers. 
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Figure 3.2. Light Detection Arrangement. Top panel shows SMA style connectors S on 
circuit board C atop the photodiodes. The top one connects to the receiving fiber R 
carrying back light transmitted to the cell. The bottom SMA connector connects to the 
bottom of the LED holder H and receives the reference signal. The transmitting fiber T is 
connected to the top of H and this carries light to the cell. E, E are electrical leads 
connected to the LED. The two bottom panels show the details of the LED holder: L: 
flat-top LED, TFL: holder that holds the LED and the transmitter fiber optic, RC 
retaining cap. A: LED polarity alignment pin, P: push-in electrical contacts to LED, RF: 
reference fiber optic to reference photodiode. 
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Figure 3.3. Noise levels with water flowing through the cell, data averaging period 1 s 
except as stated: (a) 605 nm LED, (b) 605 nm LED, (0.25 s averaging), (c) 
data in b, smoothed by a 4-point running average, (d) 495 nm LED, and (e) 
430 nm LED operated in a single beam mode. 
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Figure 3.5. Air bubbles were repeatedly mjected deliberately in to the flow stream. In all 
cases, the bubbles pass through rapidly. 
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Figure 3.6. In comparison with a Z-path cell a, the present cell b shows remarkable 
immunity to refi'active index effects, (a) Z-path cell, (b) present cell, carrier is 
10 mM borate in all cases. Samples: Thin dark solid line: 50% methanol, 
thick light line: aqueous bromthymol blue (BTB), thick dark dashed line: 
same concentration of alkaline BTB in 50% methanol. 
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CHAPTER IV 

SUMMARY AND CONCLUSIONS 

The unmodified IUC-18 procedure is generally inapplicable to leather samples 

that produce a colored extract. Even otherwise, the sensitivity of the IUC-18 procedure is 

limited. In conclusion, it should be clear that the IUC-18 procedure cannot continue to be 

accepted in its present form; it has too many pitfalls. Cation exchange of the sample 

extracts before analysis, whether the sample extract is colored or not, is a necessity. The 

pre-bleaching procedure suggested here is applicable to many sample types and corrects 

for the presence of easily oxidizable substances in the extract. However, in some cases 

the sample may be bleaching resistant and the method may not be applicable. The 

various FIA procedures suggested here offer possibilities of automation and greater 

reproducibility and sensitivity in an affordable fashion. The LCW based flow-through 

absorbance detector deployed in a flow injection format significantly improves the 

sensitivity normally attainable by the DPC method. 

A sensitive and versatile low cost optical-absorbance detector for FIA studies, 

with significant immunity to refractive index and air bubble induced problems is 

presented. The performance of the detector has been demonstrated to be comparable to 

the current state-of-the-art in commercial detectors. The detector design allows for the 

use of a variety of LEDs which can be rapidly exchanged. 
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