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ABSTRACT 

In th is researches seven E thiopian e xport qua lity c offee, t heir t en m ixtures, t en c ommonly used 

medicinal p lants and th eir tw o mixtures w ere analyzed. T he m ethod of  a nalysis w e us ed i s t he LIBS 

technique. A tomic a nd i onic l ines of  Z n, Cu, Mg, Al, Ca, K ,  Mn Fe, P  an d N a  w ere used f or 

characterization o f c offee a nd me dicinal p lant s amples. U sing th e mo st r elevant e mission s ignals o f 

LIBS, an  attempt w as made in  o rder to  d iscriminate th e s amples o f coffee a nd th eir mix tures u sing 

Principal Component Analysis. We applied PCA for characterization of Ethiopian coffee, according to 

their geographical origin first by using forty nine atomic and ionic lines then by using all calcium and 

magnesium lin es. W e  i nvestigate s everal r anges a nd id entify th e u se o f th ese mo dels o n  a  s pecific 

range for a h igher accuracy; accordingly we can  able to characterize the coffee samples by using two 

lines of magnesium and two lines of calcium and finally we optimize our characterization by using only 

one l ine o f cal cium an d o ne l ine o f m agnesium. B y t aking a s ample at  a t ime w e h ave s hown t he 

capability of LIBS coupled with PCA for discrimination of coffee samples from their mixtures and this 

is useful for inspection of adulteration of coffee.  

 

Nutrient e lements of  t en E thiopian he rbal m edicines a nd t heir m ixtures promoting he alth a dvancing 

effect an d p racticed i n local m edicine were d etermined u sing LIBS technique. The LI BS a nalysis 

revealed the presence of many nutrient elements such as copper, zinc, carbon, manganese, phosphorous, 

calcium, magnesium, iron, sodium and potassium. In this study we also tried to correlate the elemental 

compositions in the plants with their biological effects then, by using principal component analysis we 

clustered the h erbal me dicines w ith s imilar e lemental c ompositions. F inally w e demonstrated t he 

capability of  LIBS f or monitoring the c hange i n e lemental c ompositions of  t he m ixtures of  herbal 

medicines. 
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INTRODUCTION 

Laser induced breakdown spectroscopy (LIBS) i s an    emerging spectroscopic technique that operates 

with h igh-power laser pulses focused onto a small spot of the sample material. The in teraction of the 

pulsed laser beam with the target sample produces high temperature ionized plasma, containing excited 

elements th at r adiate th e c haracteristic e mission lin es o f th e c orresponding e lements. LIBS h as th e 

capability of multi-elemental analysis of any type of material present in any phase (solid, liquid and gas)   

with no or  minimal sample preparation, real-time, in s itu, remote detection, and with the capability of 

non-destructive determination of e lemental composition .Modern analytical instruments generate l arge 

amounts of data. There are different methods for dealing with this huge quantity of information. Until 

recently, it was indeed impossible to fully explore a large set of data, and many potentially useful pieces 

of information remained unrevealed. Nowadays, the systematic use of computers makes i t possible to 

completely p rocess h uge d ata c ollections, w ith a  min imum loss of  information. B y t he use of  

chemometric tools, it b ecomes possible to gain a deeper insight and a more complete interpretation of  

this data. The main objectives of multivariate methods in spectroscopy include data reduction, grouping 

and the classification of observations and the modeling of relationships that may exist between variables. 

The pr edictive a spect i s a lso a n i mportant c omponent of  s ome m ethods of  multivariate analysis. It is  

actually important to predict whether a new observation belongs to any pre-defined qualitative groups or 

else to estimate some quantitative feature such as chemical concentration. 

There is an increase in the number of studies using spectroscopic approaches coupled with multivariate 

chemometric methods to determine the geographic origin and authenticity of commodities. Studies like 

these have increased pu blic awareness and concern about t he prevalence of  commodities f raud i n t he 

international marketplace. Research to date covers a  wide range of  commodity and specialty p roducts 

including w ine, m eat, h oney, and ol ive oi l. S tudies c ross a  r ange of  s patial s cales e .g. c omparisons 

among places within a country versus comparisons among countries. The analytical approaches used for 

site differentiation include quantification of elemental concentrations, ratios of heavy and light isotopes, 
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concentrations of fatty acids and quantification of rare earth elements with varying degrees of success. 

In looking for a commercial solution to determining the provenance of commodities, the approach used 

will depend upon a  number of  factors including the commodity type, the analytical methods available 

and th e p articular o rigin of commodities in    question t o be  a nswered. O ne pr oducer m ay w ant t o 

distinguish t heir pr oduct f rom ot hers pr oduced i n t he s ame c ountry, w hilst a  c onsumer m ay want t o 

confirm the authenticity of the continent of origin. 

The main objective of this thesis is to study and develop a rapid and effective laboratory based quality 

control methodology for characterization of Coffee and traditional medicines.  

The s pecific o bjectives of t his t hesis ar e: (i) to a pply P CA f or c haracterization of  E thiopian c offee, 

according to their geographical origin, using the original intensities of the most relevant emission signals 

of LIBS, (ii)  to investigate several ranges and to identify the use of these models on  a specific range for 

a higher accuracy, (iii) to discriminate coffee samples from their mixtures for inspection of adulteration 

of coffee, (iv) to identify and compare the amounts of nutrient elements in the commonly used  he rbal 

medicines in  E thiopia, ( v) to c orrelate th e e lemental c ompositions in  th e p lants w ith their b iological 

effects; (vi) to use PCA for clustering of the herbal  medicines with similar elemental compositions and 

(vii)  to show the capability of LIBS to monitor the change in elemental compositions in the mixture of 

herbal medicines. 

The thesis organized in to two parts. Part I is about coffee and contains four chapters, chapter one deals 

about the basic principles and methods of LIBS, method of spectral resolution, the physics of plasma, 

the f ormation o f pl asma on gases, l iquids a nd s olids, t he advantages of LIBS a nd qua litative a nd 

quantitative analysis of LIBS. Chapter two deals about coffee, it discusses about the species of coffee, 

the r elationship be tween c offee qua lity a nd c offee pr ocessing, t he c omposition o f co ffee, d ifferent 

methods of  e lemental a nalysis i n c offee a nd a bout t he di scrimination o f co ffee. The t hird chapter i s 

about t he e xperimental methods used i n the a nalysis of  coffee; it d escribes the s amples studied, t he 

preparation of  s amples, t he LIBS s etup a nd t he a nalysis. The f ourth chapter d eals w ith r esults an d 
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discussions of the coffee analysis. It discusses about multivariate statistical Method PCA, the coupling 

of PCA with LIBS for the discrimination of mixed and pure samples of coffee and about inspection of 

adulteration of coffee. 

Part II i s a bout he rbal m edicines a nd c ontains f our c hapters. T he f ifth c hapter is a bout t he h erbal 

medicines. It discusses about the overview of medicinal plants in Ethiopia, current status of medicinal 

plants i n E thiopia, qua lity of he rbal m edicines a nd e lemental analysis of  he rbal m edicines. The s ixth 

chapter is about the experimental methods used in the analysis. It describes the samples, the preparation 

of samples, the LIBS setup and the analysis. The seventh chapter deals about the results and discussion 

of t he analysis o f h erbal m edicines. It discusses a bout t he Comparison a nd correlation of m ineral 

elements in herbal medicines, the clustering of the herbal medicines using PCA and about LIBS used for 

monitoring the change in elemental compositions of the mixture of herbal medicines. The last chapter 

summarizes the findings of the researches, gives conclusion and recommendations. 
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1 

Laser Induced Breakdown Spectroscopy 

1.1 History and fundamentals of LIBS 

1.1.1 Introduction  

In this chapter we discuss about the basic principles and methods of LIBS, method of spectral resolution, 

the physics of plasma, the formation of plasma on gases, liquids and solids, the advantages of LIBS and 

qualitative and quantitative analysis of LIBS. 

Laser-induced breakdown spectroscopy (LIBS) is a method of atomic emission spectroscopy 

(AES) t hat u ses l aser-generated pl asma a s t he hot va porization, a tomization, a nd e xcitation s ource. 

Because t he pl asma i s f ormed b y f ocused opt ical r adiation, t he m ethod ha s m any a dvantages over 

conventional A ES t echniques t hat us e a n a djacent ph ysical de vice ( e.g. electrodes, c oils) t o f orm t he 

vaporization/excitation source. F oremost o f th ese is  th e a bility to  in terrogate s amples in s itu and 

remotely without any preparation. In its basic form, a LIBS measurement is carried out by forming laser 

induced plasma on or  i n t he s ample a nd t hen collecting and s pectrally a nalyzing t he pl asma l ight. 

Qualitative a nd q uantitative a nalyses are carried o ut b y mo nitoring emission lin e p ositions a nd 

intensities. Although the LIBS method has been in existence for 40 years, pr ior to 1980, i nterest in i t 

centered m ainly on t he basic physics o f p lasma formation. S ince t hen t he an alytical c apabilities have 

become m ore e vident. A  f ew i nstruments ba sed on L IBS ha ve be en developed but  ha ve not  f ound 

widespread use. Recently, however, there has been renewed interest in the method for a wide range of 

applications. T his ha s mainly b een t he r esult of  s ignificant t echnological de velopments i n t he 

components ( lasers, s pectrographs, de tectors) us ed i n LIBS i nstruments a s w ell a s e merging ne eds t o 

perform measurements under conditions not feasible with conventional analytical techniques. A review 

of LIBS lite rature s hows th at th e me thod h as a  d etection s ensitivity for ma ny elements that is  

comparable to or exceeds that characteristic of other field-deployable methods. 
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LIBS, an analytical method born along with the invention of the laser, has had a checkered past. First, 

the ablation produced by the action of the laser pulse on the sample surface was exploited as a sampling 

method for use with the electrode-generated spark because all materials could be ablated and the finely 

focused laser pulse provided micro-sampling capabilities (Moenke 1997).Subsequently, i t was realized 

that the laser plasma generated dur ing ablation could be  used as an excitation source i tself. However, 

with t he de velopment of  hi gh-performance l aboratory-based el emental an alysis m ethods ( i.e. t he 

inductively coupled plasma or ICP), the LIBS method was (temporarily) relegated to merely a scientific 

curiosity, w ith publ ished l iterature de voted m ore t o s tudying f undamental c haracteristics of  t he l aser 

plasma t han t o i ts an alytical cap abilities. In r ecent years, h owever, t here h as b een s trong, r enewed 

interest in LIBS as revealed by the number of published papers in refereed journals over the past several 

years. This is shown in Figure 1.1. Although there has always been a steady flow of publications dealing 

with LIBS, beginning in about 1995 the number per year has increased dramatically. The data in Figure 

1.1 w ere c ompiled f rom a  s ingle d atabase us ing LIBS as t he ke yword. Many m ore publ ications t han 

listed he re de alt w ith t he phe nomenology of  t he l aser pl asma, but  LIBS, w hich i s m ore c losely 

associated with analytical applications of the plasma, was the interest here. 
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                Figure 1.1: Number of LIBS-related publications. At the time of this writing, 

                                   not all publications for 2002 had yet been entered into the database. 

The renewed interest in LIBS can be r elated to s everal factors. First i s the need for a n ew method of 

analyzing materials under conditions not possible using current analytical methods. This is driven in part 

by new regulations mandating that materials and operations be monitored to ensure the health and safety 

of w orkers a nd t he publ ic, a s w ell a s b y t he ne ed f or i mproved i ndustrial m onitoring c apabilities t o 

increase the efficiency and reduce costs of production. Second, over the past five years there have been 

substantial de velopments i n r educing t he s ize and w eight w hile i ncreasing t he c apabilities of  l asers, 

spectrographs, and a rray detectors. T his m akes f easible t he de velopment of  c ompact a nd rugged 

instrumentation for use in applications outside the laboratory. 

1.1.3 Atomic emission spectroscopy 

LIBS is one method of atomic emission spectroscopy (AES). The purpose of AES is to determine the 

elemental c omposition of  a  s ample ( solid, l iquid, or  g as). T he a nalysis c an r ange from a  s imple 

identification o f th e a tomic c onstituents o f th e s ample to  a  mo re d etailed determination o f r elative 

concentrations or absolute masses. Basic steps in AES are: 

• atomization/vaporization of the sample to produce free atomic species (neutrals and ions), 

• excitation of the atoms, 

• detection of the emitted light, 

• calibration of the intensity to concentration or mass relationship, 

• determination of concentrations, masses, or other information. 

Examination of  t he e mitted l ight p rovides t he analysis b ecause e ach element ha s a  uni que emission 

spectrum u seful t o “fingerprint” t he s pecies. Extensive c ompilations o f e mission lines e xist (Reader  

1980; Striganov 1968; Payling 2000 ). The position of the emission line(s) identifies the element(s) and, 

when properly calibrated, the intensity of the line(s) permits quantification. The specific procedures and 

instrumentation used in each step of AES are determined by the characteristics of the sample and by the 
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type of  analysis ( i.e. identification vs . quantification). It should be  noted that because the f irst s tep in 

AES is  a tomization/vaporization, A ES m ethods a re ge nerally not  s uitable t o de termine t he na ture of  

compounds i n a  s ample. In s pecific c ases, ho wever, i nformation c an be  obt ained about m olecular 

origins. 

The be ginnings of  A ES c an be  t raced ba ck t o t he e xperiments of  B unsen a nd K irchhoff i n w hich 

atomization and excitation were provided by a simple flame (Kirchhoff 1860; Gaydon 1957). Following 

this, more robust and controllable methods of  excitation were developed by using electrical current to 

interrogate the s ample. Some of the more well-known methods of  vaporization and excitation include 

electrode a rcs and s parks, t he ICP, t he di rect c oupled pl asma (DCP), t he m icrowave-induced p lasma 

(MIP), and hol low cathode lamps (Torok 1978). These t raditional sources typically require s ignificant 

laboratory s upport f acilities a nd s ome form of  s ample pr eparation pr ior t o pe rforming t he actual 

analysis. In special cases, novel sampling methods have been developed for some of these sources for 

specific applications. Examples are an air-operated ICP providing direct analysis of particles contained 

in air and the introduction of particles collected on a filter into the hollow electrode of a conventional 

spark discharge. For various reasons, these methods saw very limited use. LIBS is an extension of the 

vaporization/excitation scheme to optical frequencies (Razier 1977). 

1.1.4 Historic development of LIBS 

The pr oduction o f di electric br eakdown b y opt ical r adiation, t he pr ocess ge nerating t he l aser pl asma 

used by LIBS, had to wait until the development of the laser in 1960. Prior to 1960, however, the ability 

to produce dielectric breakdown in gases had been known for at least 100 years. These discharges can be 

produced fairly easily in low-pressure gas tubes with or without electrodes, at frequencies in the range of 

hundreds of kilohertz to a few tens of megahertz. Examination of the spectra from these sources reveals 

atomic e missions c haracteristic of  t he g as c omposition. I n s ubsequent years, t he br eakdown of  g ases 

induced b y frequencies on t he o rder of  gigahertz w as d emonstrated at  r educed p ressures and 

atmospheric p ressure using m icrowave r ange el ectromagnetic f ields. E xperiments w ere ca rried o ut at  
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reduced pr essures be cause t he br eakdown t hreshold i s minimum in r arefied gases. A t a tmospheric 

pressure, the electric field required for breakdown by static and microwave fields is of the order of tens 

of k ilovolts p er c entimeter. At opt ical f requencies t he s ituation r equires m uch s tronger f ields o n t he 

order of  10 M V/cm. S uch s trong fields a re not  a ttainable us ing conventional opt ical s ources, t hereby 

requiring the development of a new light source. 

In 1960,  l aser ope ration w as f irst r eported i n a r uby crystal. Following t his i n 1963 c ame t he 

development of  a  “ giant pul se” o r Q -switched laser. T his laser had the c apability of  pr oducing hi gh 

focused pow er d ensities f rom a  s ingle pul se o f short dur ation s ufficient t o i nitiate br eakdown and t o 

produce analytically useful laser plasma (also called the laser spark). This was the “birth” of the LIBS 

technique and in subsequent years significant milestones were made in the development of the method. 

Here is a list of some of the more important milestones. 

 1960 – First laser demonstrated. 

 1962 – Brech and Cross demonstrate the first useful laser-induced plasma on a surface. 

 1963 – The first analytical use, involving surfaces, hence the birth of laser-induced breakdown 

spectroscopy. 

 1963 – First report of laser plasma in a gas. 

 1963 – Laser micro-spectral analysis demonstrated. 

 1964 – Time-resolved laser plasma spectroscopy performed. 

 1966 – Characteristics of laser-induced air sparks studied. 

 1966 – Molten metal directly analyzed with the laser spark. 

 1970 – Continuous optical discharge reported. 

 1970 – Q-switched and non-Q-switched lasers used and results compared. 

 1972 – Steel analysis carried out with a Q-switched laser. 

 1980 – LIBS developed for analysis of hazardous aerosols. 

 1980 – LIBS used for diagnostics in the nuclear power industry. 
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 1984 – Analysis of liquid samples demonstrated. 

 1989 – Metals detected in soils using the laser plasma method. 

 1992 – Portable LIBS unit for monitoring surface contaminants developed. 

 1992 – Stand-off LIBS for space applications demonstrated. 

 1993 – Underwater solid analysis via dual-pulse LIBS. 

 1995 – Demonstration of LIBS using fiber optic delivery of laser pulses. 

 1997 – Use of LIBS for pigment identification in painted artworks. 

 1998 – Subsurface soil analysis by LIBS-based cone penetrometers. 

 2000 – Demonstration of LIBS on a NASA Mars rover. 

1.1.5 The LIBS method   

In LIBS, the vaporizing and exciting plasma is produced by a high-power focused laser pulse. A typical 

LIBS set-up is shown in Figure 1.2. Pulses from a laser are focused on the sample using a lens and the 

plasma light is collected using a second lens or, as shown in Figure 1.2, by a fiber optic cable. The light 

collected b y e ither component i s t ransported t o a  f requency di spersive or  s elective d evice an d t hen 

detected. Each firing of the laser produces a s ingle LIBS measurement. Typically, however, the signals 

from many laser plasmas are added or averaged to increase accuracy and precision and to average out 

non-uniformities in sample composition. Depending on the application, time-resolution of the spark may 

improve the signal-to-noise ratio or discriminate against interference from continuum, line, or molecular 

band spectra. 
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Figure 1.2: Diagram of a typical laboratory LIBS apparatus. Here: L =Nd-YAG laser; M= mirror; LP = 

laser pulse; CL = lens; P = plasma; T = target; FOC = fiber optic cable; S = spectrograph; AD = array 

detector; GE = gating electronics; C = computer. 

     

              

                               (a)                                                                               (b) 

Figure 1.3: (a): the laser plasma formed on soil by a spherical lens is about 4–5 mm in height. (b): the 

long spark formed on a filter by a cylindrical lens is 7–8 mm in length. 

 

Photos of  laser plasmas formed on s oil (by a spherical lens) and on a  filter (by a cylindrical lens) are 

shown in Figure 1.3. To the eye, the plasma appears as a bright flash of white light emanating from the 

focal volume. Often the plasma formed by a spherical lens appears triangular shaped owing to formation 

of the initial breakdown at the focal point followed (during the laser pulse) by growth of the plasma back 
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towards the focusing lens. Accompanying the light is a loud snapping sound owing to the shock wave 

generated during optical breakdown. 

Because t he l aser p lasma i s a p ulsed s ource, t he r esulting s pectrum ev olves r apidly i n t ime. T he 

temporal history of laser-induced plasma is illustrated schematically in Figure 1.4a. At the earliest time, 

the plasma light is dominated by a “white light” continuum that has little intensity variation as a function 

of wavelength. This light is caused by bremsstrahlung and recombination radiation from the plasma 

   

    

                      Figure 1.4: the temporal history of laser-induced plasma (a) RSS, (b) RSP 
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as free e lectrons a nd i ons r ecombine i n t he c ooling pl asma. If t he pl asma l ight i s i ntegrated ove r t he 

entire e mission time  o f th e p lasma, th is c ontinuum lig ht c an s eriously i nterfere w ith th e d etection o f 

weaker emissions from minor and trace elements in the plasma. For this reason, LIBS measurements are 

usually carried out using time-resolved detection. In this way the strong white light at early times can be 

removed from th e me asurements b y tu rning th e d etector o n after th is white lig ht h as s ignificantly 

subsided in intensity but atomic emissions are still present. The important parameters for time-resolved 

detection are 𝑡𝑑, the time between plasma formation and the start of the observation of the plasma light, 

and 𝑡𝑏, t he t ime pe riod o ver w hich the lig ht i s r ecorded ( Figure 1 .4a). T he m ajority o f LIBS 

measurements are conducted by using the RSS (repetitive single spark) in which a series of individual 

laser sparks are formed on the sample at the laser repetition rate (e.g. 10 Hz). In some cases, to enhance 

detection capabilities, the RSP (repetitive spark pair) is used. The RSP is a series of two closely spaced 

sparks (e.g. typically 1–10 μs separation) used to interrogate the target at the laser repetition rate. The 

timing arrangement in this case is shown in Figure 1.4b. Note that 𝑡𝑑 is measured from the second laser 

pulse in this case. The spark pair may be formed by two separate lasers or by a single laser. 

 

1.1.6 Methods of spectral resolution 

The basis of a LIBS measurement is the collection and analysis of an emission spectrum. The emission 

lines of the elements are tabulated in various sources (Reader  1980; Striganov 1968; Payling 2000 ). 

Important pr operties o f a s pectrometer a re: ( 1) t he r esolution, t he m inimum w avelength s eparation a t 

which two ad jacent s pectral f eatures can b e o bserved as  t wo s eparate lines, an d ( 2) t he w idth o f 

spectrum that can be observed. The specifications for these depend on t he particular problem at hand. 

Typically a wider band of observable spectrum i s needed when several elements ar e being monitored 

simultaneously. 

Here are some examples of different methods for the spectral component of a LIBS system. 

 Narrow-band pass (<1 nm) fixed-wavelength line filter. 
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 An acousto-optic tunable filter (AOTF) consisting of a crystalline material (e.g. TeO2) to which 

a r adio-frequency wave i s a pplied. B y a djusting t he f requency of  t he wave, t he ba nd pa ss 

wavelength of the AOTF can be varied continuously over a certain range. 

 A m onochromator i s a  spectrometer t hat i s t uned t o m onitor a s elected w avelength w hich i s 

presented at the exit slit of the device for detection. 

 A spectrograph is similar in basic configuration to a monochromator except it has an exit plane 

at which a continuous range of wavelengths is presented for detection using some type of array 

detector or a series of single-wavelength detectors positioned behind individual slits. 

1.1.7 The physics of the laser plasma 

A life cycle schematic for laser-induced plasma on a surface is shown in Figure 1.5. The physics of the 

breakdown ph ase w as w ell r eviewed b y W eyl (Weyl 1989). Briefly, t here a re t wo s teps l eading t o 

breakdown due to optical excitation (Hughes 1975). The first involves having or generating a few free 

electrons t hat s erve as  initial r eceptors o f en ergy t hrough three bod y collisions w ith phot ons a nd 

neutrals. T he s econd i s a valanche i onization i n t he f ocal r egion. C lassically, free e lectrons a re 

accelerated by the electric fields associated with the optical pulse in the period between collisions, which 

act to  th ermalize t he e lectron e nergy di stribution. A s t he e lectron e nergies grow, c ollisions pr oduce 

ionization, other electrons, more energy absorption, and an avalanche occurs. The breakdown threshold 

is usually specified as the minimum irradiance needed to generate visible plasma. 

 Following breakdown, the plasma expands outward in all directions from the focal volume. However, 

the rate of expansion is greatest towards the focusing lens, because the optical energy enters the plasma 

from that direction. A pear- or cigar-shaped appearance results from this non-isotropic expansion. The 

initial rate of plasma expansion is on the order of 105 m/s. The loud sound that one hears is caused by 

the shockwave coming from the focal volume. 
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                         Figure 1.5:  life cycle diagram showing main events in the LIBS process. 

 

Between i ts initiation and decay, the plasma evolves through several t ransient phases, as i t grows and 

interacts with the surroundings. These are well described, for different irradiance regimes, by Root (Root 

1989). The three models for propagation and expansion are the laser-supported combustion (LSC), laser-

supported detonation (LSD), and laser-supported radiation (LSR) waves. They differ in their predictions 

of t he opa city and energy t ransfer p roperties o f t he p lasma t o t he am bient at mosphere. A t t he l ow 

irradiances used in LIBS experiments, the models that most closely match experiment are LSC and LSD. 

In these, the plasma is at relatively low temperature and density. The plasma and the boundary with the 

ambient atmosphere are transmissive enough to allow the incoming laser radiation to penetrate, at least 

for laser wavelengths shorter than that of the 𝐶𝑂2 laser (10.6 μm). 
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Throughout t he expansion pha se t he pl asma e mits us eful emission s ignals. It c ools a nd de cays a s i ts 

constituents g ive up t heir e nergies i n a  va riety of w ays. T he i ons a nd e lectrons r ecombine t o f orm 

neutrals, a nd s ome o f t hose r ecombine t o form m olecules. E nergy escapes t hrough r adiation a nd 

conduction 

 

      

Figure 1.6: Air plasma temperature as a function of time after plasma formation. Data abstracted 

from reference  using Saha and Boltzmann data from carbon and beryllium lines. 

Typical pl asma t emperatures up t o t ens o f t housands of  de grees ( several e lectron-volts) ar e a chieved 

shortly after plasma initiation, for laser pulse energies of 10–100 mJ, and lens focal lengths of 5–20 cm, 

giving irradiances i n t he r ange o f 109 to 1011 W/𝑐𝑚2. F igure 1.7 pr esents c omposite m easurements 

made of plasma temperatures in air as a function of time (Griem 1984). The temporal dependence leads 

to the experimental strategy of using a t ime delay for LIBS measurements. Because the early spectrum 

contains a  bremsstrahlung and recombination continuum that decays quickly, the a tomic s ignals (both 

ion and neutral) are often not sampled until after a microsecond or more into the plasma history (Figure 

1.4). At that time the signal to background improves dramatically, and the atomic emission lines become 

much sharper. 
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At early times, spectral-line broadening is dominated by the Stark effect due to the high initial density of 

free electrons and ions. Line widths are dramatically dependent on the species, being greatest for the Hα 

line of  h ydrogen at 656 nm . T he t heory of  S tark e ffect for a toms, i ncluding t he de pendence o n t he 

energy l evels o f t he p articular atom, i s w ell d eveloped (Simeonsson 1994). Figure 1 .7 shows 

measurements of the electron density as a function of time for plasmas in air at different delay times. As 

the plasma evolves in the post-laser pulse regime, recombination occurs, the electron density decreases, 

and pressure broadening (Stark effect due to near collisions with neutrals) is often the main cause of the 

line width. The pressure and nature o f the ambient gas influence the absolute line in tensities, the line 

widths, a nd i n s ome c ases r elative l ine i ntensities due  t o ne ar-resonant c ollisions. S ome e xperiments 

have s hown t hat an a rgon a tmosphere enhances e xcitation, w hile a  he lium or  ox ygen atmosphere 

suppresses excitation.  

Laser w avelength m ay have an  ef fect o n b reakdown t hreshold as  d iscussed i n a s ystematic s tudy b y 

Simeonsson and Miziolek (Radziemski 1985). They studied plasmas formed in CO and 𝐶𝑂2 gases with 

excitation by ArF at 193nm and the four common Nd:YAG wavelengths: 266, 355, 532,  1064 nm. The 

principal effect observed was the reduction of the breakdown threshold by an order of magnitude at 193 

nm owing to fortuitous coincidences of two-photon excitations and dissociations. Otherwise the results 

showed no s ignificant t rends. W eyl (Weyl 1989)reviews and p resents a t heory t hat b ears o n t he 

wavelength dependence. Within the past decade, there have been studies of resonance effects, where the 

plasma-forming laser is tuned to a strong line in an element in the sample. 
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Figure 1.7: Electron density in the air plasma as a function of time after plasma formation. Data 

abstracted from reference  using Stark widths of F, Ar, N, and Cl lines. 

 

As is well known, plasma temperatures can be determined in a variety of ways, including spectroscopic 

and probe methods. There are electron, excitation, and ionization temperatures, to name just a few. Each 

is de termined based on different di agnostics and measurements, and they may or  may not  a gree. The 

situation is complicated by the transient nature of pulsed plasmas. Generally, pulsed plasmas do not start 

out i n e quilibrium, but  e volve t o t hat s tate. Often e lectrons s tart out  a t a  m uch h igher k inetic 

temperature, and eventually equilibrate with the heavier at oms and ions t hrough collisions (Mazhukin 

1994). Physics tells us that momentum transfer i s small in  collisions between bodies of very different 

masses; hence the time scale for equilibration between electrons and atoms can be quite long. 

Through the 1980s much of the effort in analyzing LIBS plasmas was spent on m easuring temperature 

and electron densities. Starting from the early 1990s researchers have attempted to model the plasma in 

more de tail b y using h ydrodynamic c odes and va rious pl asma m odels. O utcomes i nclude s pecies 

densities a s f unctions o f t ime a nd ot her p arameters, a n und erstanding of e xcitation m echanisms i n 
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various regimes, and a clearer understanding of if LTE (local thermodynamic equilibrium) may or may 

not apply. 

1.1.8 Forming the LIBS plasma in a gas, liquid, and on solids 

Initial LIBS work concentrated on t he a nalysis of s olids ( e.g. m etals, geological s amples) but , as t he 

unique s ampling c apabilities of  t he l aser s park came t o be  r ealized, t he t echnique w as extended t o a  

variety of other samples. Today LIBS is used to analyze gases, l iquids, particles entrained in gases or 

liquids, and particles or coatings on solids. 

Gases 

In gases, less energy is used in the atomization process, so more energy is left for excitation. In general, 

the greater the irradiance, the greater is the initial ratio of ions to neutral atoms. Breakdown thresholds 

are s lightly hi gher i n ga ses t han on s urfaces, u nless t he g as co ntains p articulate m atter. T he p lasma 

volume depends on t he energy per pulse and the laser wavelength. For nominal pulse energies of  200 

mJ, the pl asma l ength would be  l argest f or hi gh-energy 𝐶𝑂2 laser p ulses ( 5–8 m m i n l ength), and 

smallest for 266 nm  Nd:YAG pulses (1–5 mm). Molecular gases can be completely dissociated by the 

plasma and the composition of neat molecular gases can be inferred. Typical plasma temperatures of 20 

000 K or more are observed early in the plasma lifetime. 

Liquids 

Liquids can be analyzed by forming the laser plasma on the liquid surface (Wachter 1987) or on drops of 

the liquid (Archontaki 1988). If the liquid is transparent at the laser wavelength, plasma can be formed 

in the bulk l iquid below the surface (Cremers 1984). Compared with LIBS analysis in air, the plasma 

formed i n t he bul k l iquid decays m ore r apidly, e mission l ines a ppear br oader, a nd t he t emperature i s 

lower, t ypically s tarting a t no m ore t han 7000 –12 000 K . D etection l imits f or s elected e lements i n 

aqueous media can be increased by using a double-pulse RSP technique in which two sequential laser 

pulses, s eparated in t ime, t ypically b y microseconds, i nterrogate t he same volume of  t he s ample. The 

first pulse produces a vapor cavity that is then interrogated by the second pulse, replicating an analysis 
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that would be carried out in air. This method works for both the bulk liquid and liquid drops. Adding an 

absorber to the liquid may enhance plasma formation. 

Particles 

Particles e ntrained i n l iquids ( hydrosols) or  ga ses ( aerosols) a re of  gr eat i nterest f or e nvironmental 

monitoring. Two basic strategies for obtaining information on them are (1) direct 

monitoring in the ambient medium and (2) capture on filters with subsequent interrogation of the filter 

surface b y t he l aser s park ( Figure 3 .3). S ome of  t he s park e nergy i s us ed t o a blate or  va porize t he 

aerosol. Typically there is enough energy remaining to do t he excitation, obtaining s trong spectra and 

reasonable de tection l imits. Incomplete v aporization of  t he pa rticles, a  r eal pos sibility, ho wever, c an 

complicate quantification. There is continuing interest in determining particle compositions and loading, 

often for environmental applications. 

Solids 

Breakdown on s urfaces a nd a blation a re c omplex phe nomena. D epending on t he pr essure a bove t he 

surface, br eakdown can be  i nitiated b y m ulti-photon i onization (low pr essure), or  i nverse 

bremsstrahlung (high pressure), both followed by avalanche ionization. Breakdown thresholds are two to 

four or ders of  m agnitude l ower t han i n t he c ase of  gas t argets. F or l ow pr essures above t he s urface, 

higher i on s tages are r eached f or t he s ame i ncident i ntensities. S everal s tudies h ave l ooked at  t he 

evolution a nd bui ld up  of t he pl asma a s a  f unction of  t ime, pos ition, a nd i ncident l aser w avelength. 

Regarding wavelength, long wavelengths l ike that f rom the 10.6 μm 𝐶𝑂2 laser have a d ifferent ef fect 

than a short wavelength such as 248 nm  from a KrF laser. The long wavelength is absorbed to a much 

greater extent in the plasma above the surface because absorption varies as the square of the wavelength 

(𝜆2). This effectively shields the surface from absorption of the trailing edge of the laser pulse. At short 

wavelengths, a higher percentage of the laser energy impacts the surface. 
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1.1.9 Advantages of LIBS method 

LIBS, like other methods of AES, has the following advantages compared with some non- AES-based 

methods o f el emental analysis are ability to  detect a ll elements and simultaneous mu lti-element 

detection capability. 

In addition, because the laser spark uses focused optical radiation rather than a physical 

device such as a pair of electrodes to form the plasma, LIBS has many distinct advantages 

compared w ith c onventional A ES-based an alytical m ethods. T hese ar e:simplicity, rapid o r r eal-time 

analysis, no s ample p reparation, allows in s itu analysis r equiring only opt ical access t o t he s ample, 

ability to sample gases, liquids, and solids equally well, good sensitivity for some elements (e.g. Cl, F) 

difficult to monitor with conventional AES methods, adaptability to a v ariety of different measurement 

scenarios and robust pl asma t hat c an be  f ormed unde r c onditions not  pos sible w ith c onventional 

plasmas. 

1.2 Quantitative analysis 

The a im o f th is s ection is t o pr ovide ba sic i nformation on t he us e of  t he t echnique of  l aser i nduced 

breakdown spectroscopy (LIBS) for quantitative analysis. It begins with a discussion of the theoretical 

assumptions on the state of the plasma that must be made in order to ensure reliability of the analysis. A 

review i s t hen pr esented of  s ome of  t he m ethods de veloped t o e xtract qua ntitative i nformation f rom 

experimental LIBS data.  

In 1997, Castle et al. stated that at the time only a limited number of studies had reported on the use of 

LIBS as a quantitative technique (Castle 1997). This paucity of results was attributed to the inadequate 

level o f th e a nalytical figures o f me rit ( accuracy, p recision a nd d etection limits ) a ttainable b y th is 

technique in comparison with other well-established techniques. Since then, however, many papers have 

appeared in the l iterature reporting on t he use of  the LIBS technique for quantitative analysis. In fact, 

owing to the peculiar advantages of LIBS, including short measurement times, the ability to use samples 

without any pre-treatment and the capability for simultaneous multi-element detection, many researchers 
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have f ocused t heir e fforts on de veloping ne w m ethods f or reliable LIBS-based q uantitative an alysis. 

Undoubtedly, in some particular situations (screening, in situ measurement, process monitoring, hostile 

environments, e tc.) LIBS m ay be t he t echnique of  choice. T hus, t he m ain r esearch e fforts ha ve be en 

aimed at exploiting the technique’s potential and minimizing its drawbacks.  

Most of  t he drawbacks of LIBS a re, how ever, side e ffects of  i ts i ntrinsic a dvantages. For e xample, 

because of the small size of the focused laser beam and the small sample mass vaporized by the spark, 

the a ccuracy i s he avily dependent on t he hom ogeneity of  t he s ample. In a ddition, t he l ack of  s ample 

preparation means that small amounts of surface contaminants may affect the analysis and, at the same 

time, r eproducibility of  t he l aser s park m ay b e r educed b y c hanges i n s urface c omposition. A lso, t he 

pulsed ope ration of  the spark yields a  l ower i ntegrated e mission s ignal a nd l ess r eproducible s ample 

excitation than a continuous excitation source such as an inductively coupled plasma (Cremers 1987). 

However, m ost of  t hese pr oblems c an be  a lleviated t hrough pr oper c hoice of  the ex perimental 

conditions.  

Here we r eview t he ap proaches u sed f or ex tracting q uantitative d ata f rom L IBS. B efore p resenting a  

brief discussion of the methods, however, it is worthwhile to examine the fundamental spectrochemical 

hypotheses unde rlying t he l aser-induced pl asma s tate. O nly t hose i ssues s trictly r elated t o achieving 

precise q uantitative a nalysis v ia LIBS will b e covered. In k eeping w ith th e lite rature, mo st o f th e 

discussion refers to the analysis of solid samples. However, some interesting results are achieved in the 

field of liquid or aerosol LIBS analysis   

1.2.1 The characteristics of laser-induced plasma and their influence on quantitative LIBS analysis 

Laser-induced p lasma e mission c onsists o f a tomic a nd io nic s pectral lin es c haracteristic o f th e 

constituent s pecies, s uperimposed on a  br oad-band c ontinuum t hat i s t he r esult of  e lectron–ion 

recombination and f ree–free i nteractions. Identification of  t he spectral l ines and m easurement o f t heir 

intensities provide qualitative and quantitative information, respectively. Quantitative analysis i s not  a  

trivial task: the spectral emission intensity in the plasma is determined not only by the concentration of 
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the element in the sample, but also by the properties of the plasma itself, which in turn depend on factors 

such as the characteristics of the excitation source (energy, power density, and wavelength) also on the 

sample a nd t he s urrounding gas. F urthermore, t he l aser a blation p rocess ( a t erm w hich i ncludes t he 

processes of  e vaporation, e jection of  a toms, i ons, m olecular s pecies a nd f ragments; h ydrodynamic 

expulsion; shock waves; plasma initiation and expansion; plasma–solid interactions; etc.) influences the 

amount and composition of the ablated mass and must be understood and controlled in order to achieve 

accurate and sensitive quantitative analysis (Russo 1995).  

The complexity of the phenomena involved can be appreciated by resorting to a simple derivation of the 

dependence of  t he LIBS s ignal upon t he va rious pr ocesses l eading f rom t he ( solid) s ample t o t he 

measured signal photons emitted from the (gas phase) atoms and ions excited in the plasma volume. The 

fundamental parameters governing the overall process can then be explicitly factored out. The signal, S 

(counts), due to emission of a particular atomic or ionic line of an element is given by the product of the 

excited state number density, 𝑛𝑢 (𝑐𝑚−3), the spontaneous transition probability of the transition chosen, 

𝐴𝑢𝑙 (photons 𝑠−1 ), a nd t he detection f unction, 𝑓𝑑𝑒𝑡 (𝑐𝑚3 counts phot on−1 s). T his f unction c an be  

defined here as the product of the excitation volume 𝑉𝑒𝑥𝑐 (𝑐𝑚3), seen by the detector, and of an overall 

detection ef ficiency, 𝜂𝑑𝑒𝑡 (counts phot on−1 s),which i ncludes s uch “t rivial” p arameters as  o ptical 

transmission, de tector ga in ( counts phot on−1), in tegration time  ( s) and a  calibration f unction, 𝑓𝑐𝑎𝑙 (no 

units), w hich d escribes the p lasma c haracteristics in  te rms o f o ptical d epth, i. e. th e p robability th at 

photons e mitted i n t he pl asma c enter e scape t hrough t he r emaining pl asma vol ume a nd r each t he 

detector. Therefore, 𝑓𝑐𝑎𝑙 includes self-absorption (and self-reversal) effects. In symbols, 

                                       𝑆 = 𝑛𝑢𝐴𝑢𝑙𝑓𝑑𝑒𝑡 = 𝑛𝑢𝐴𝑢𝑙𝑉𝑒𝑥𝑐𝑓𝑐𝑎𝑙𝜂𝑑𝑒𝑡                                                               1.1 

The t otal num ber o f e xcited a toms ( ions) i n t he emitting s tate ( ≡𝑛𝑢𝑉𝑒𝑥𝑐) m ust be r elated to th e to tal 

number of atoms (ions) created by the laser and present in the gas phase in the plasma volume, (𝑁𝑇)𝑔, 

multiplied by an excitation/ionization function, 𝑓𝑒𝑥𝑐 (no units), which gives the probability of occupation 

of that particular atom/ion emitting level among all other possible levels. Therefore, 
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                                                   𝑆 =  (𝑁𝑇)𝑔 𝑓𝑒𝑥𝑐𝐴𝑢𝑙𝑓𝑐𝑎𝑙  𝜂𝑑𝑒𝑡                                                                  1.2 

The total number of atoms (ions) in the excitation volume, (𝑁𝑇)𝑔, must be related to the total number of 

atoms in the sample through an ablation/vaporization function, 𝑓𝑎𝑏𝑙, which describes the mechanism by 

which a certain fraction of the solid material is ablated and carried in the vapor phase by the developing 

plasma plume. Accordingly, 

                                                  𝑆 =  (𝑁𝑇)𝑠𝑓𝑎𝑏𝑙 𝑓𝑒𝑥𝑐𝐴𝑢𝑙𝑓𝑐𝑎𝑙 𝜂𝑑𝑒𝑡                                                            1.3 

The product (𝑁𝑇)𝑠𝑓𝑎𝑏𝑙 can also be factored out and represented by the product of three factors: (i) the 

ratio  (𝑚𝑠𝑁𝐴/𝑀𝑠), where 𝑚𝑠 (g) is the ablated sample mass, 𝑁𝐴 is theAvogadro number (atoms/mole) 

and 𝑀𝑠 is th e a tomic w eight ( g/mole) o f th e e lement; ( ii) th e weight f raction o f th e element in  th e 

sample,  𝜒𝑠; and (iii) a stoichiometric factor, 𝑓𝑠𝑡, which can be defined as the deviation of the elemental 

composition of the sample in the gas phase as compared with that in the solid phase. In other words, if 

only two elements (i and j) are considered, 𝑓𝑠𝑡 can be defined by 

                                                          𝑓𝑠𝑡 =
�𝑁𝑖/𝑁𝑗�𝑔
�𝑁𝑖/𝑁𝑗�𝑠

                                                                                   1.4 

Combining all the above expressions (2.1–2.4) we obtain 

                                                         𝑆 =  𝐴𝑢𝑙(𝑚𝑠(𝑁𝐴/𝑀𝑠)𝜒𝑠𝑓𝑠𝑡) 𝑓𝑒𝑥𝑐(𝑓𝑐𝑎𝑙 𝜂𝑑𝑒𝑡)                                    1.5 

Or 

                                                            𝑆 =  𝐴𝑢𝑙𝑓𝑖𝑛𝑡  𝑓𝑒𝑥𝑐 𝑓𝑑𝑒𝑡                                                                    1.6 

It can then be concluded that the signal is influenced by three interrelated functions, describing the initial 

interaction between the sample and the laser, 𝑓𝑖𝑛𝑡 (leading to ablation/ vaporization of solid material), 

the excitation/ionization mechanism leading to atomic (ionic) emission, 𝑓𝑒𝑥𝑐, and the characterization of 

the radiation environment, 𝑓𝑑𝑒𝑡 (thin or thick plasmas). These functions can now be discussed separately 

and t heir r elevance t o a nalytical LIBS a ssessed. In t his w ay, i t s hould be pos sible t o poi nt out  t he 

problems a nd pi tfalls of  t he t echnique, t o r eview t he a ttention a nd s olutions g iven t o e ach of  t hese 

functions in the literature and to indicate the areas where further work is necessary.  
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In an attempt to simplify a very complex phenomenon, most of the methods developed for quantitative 

LIBS analysis assume, either implicitly or explicitly, that: 

• the c omposition of  t he pl asma vol ume unde r obs ervation i s r epresentative of  t he s ample 

composition (stoichiometric ablation), 

• the plasma volume under observation is in Local Thermodynamic Equilibrium (LTE), and 

• the spectral lines measured are optically thin. 

In t he f ollowing, i t w ill be come clear t hat e ven w hen s uch h ypotheses seem t o be  s uperfluous (for 

example, w hen qua ntitative LIBS a nalysis i s pe rformed us ing t he c alibration c urves obt ained f rom 

known reference samples), the reproducibility of the quantitative results is, in most cases, assured only 

when these basic assumptions are satisfied. 

1.2.2 Stoichiometric ablation: the interaction function 

Understandably, t he pr oblems of  a blation e fficiency a nd s toichiometric m aterial r emoval ha ve be en 

addressed b y num erous studies a nd a uthors. O nly a f ew pe rtinent r eferences w ill be  i ncluded i n t his 

overview. The hypothesis of stoichiometric ablation forms the very basis of the LIBS method (as well as 

other techniques which rely on l aser ablation for the sampling stage: LA-ICP, LA-MS, etc.). Indeed, in 

1991 Chan and Russo (Chan 1991) demonstrated that l aser ablation i s s toichiometric when the power 

density on the target exceeds109𝑊𝑐𝑚−2, a v alue that is commonly reached in LIBS measurements. In 

several subsequent papers, Russo and co-workers (Russo 1995; Chan 1991; Mao 1996) provided further 

insight into the phenomenon as well as a more detailed explanation of the processes which lead to the 

establishment of s toichiometric ablation. According to  their s tudies, laser–material in teractions can be 

described by using two different models: vaporization or  ablation. A vaporization process is generally 

involved a t pow er de nsities ≤ 106𝑊𝑐𝑚−2, t ypically c orresponding t o m icrosecond or  l onger l aser 

pulses. P honon r elaxation r ates a re on t he o rder of  0.1 ps ; t herefore, t he a bsorbed opt ical e nergy i s 

rapidly c onverted into h eat. H eat di ssipation a nd va porization a re r apid i n c omparison with t he l aser 

pulse dur ation. D ifferential va porization i s po ssible i n s uch c ases be cause t he hi gher va por-pressure 
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elements will be enriched in the vapor phase with respect to the original solid sample. At higher power 

densities, ≥109𝑊𝑐𝑚−2, corresponding to nanosecond and shorter laser pulses, an explosion occurs. The 

vaporization t emperature of  t he s urface i s e xceeded within a  f raction of  t he l aser pul se dur ation. 

However, b efore t he s urface l ayer can  v aporize, t he u nderlying m aterial r eaches i ts v aporization 

temperature, causing the surface to explode. The rapidly heated material has the same composition as the 

solid, and the process results in stoichiometric ablation. Recently, Russo et al. (Russo 2002) discussed 

five distinct regimes in the laser/solid interaction process with four transition points or thresholds. Nano-

, pico and femto-second laser pulses were considered. The processes described by Russo and co-workers 

offer an important guideline to the researcher preparing a LIBS experiment. In any event, i t should be 

kept in mind that this model cannot cover all possible experimental situations, so that in practical LIBS 

measurement, the occurrence of stoichiometric ablation should be checked a posteriori for the specific 

class of materials under analysis. 

For ex ample, a case o f non-stoichiometric a blation ha s be en r eported b y M ao et a l. (Mao 1998), i n 

which laser ablation of  a  brass sample was performed us ing di fferent l asers with various wavelengths 

and pulse durations. For a 30 ns pulse-duration excimer laser at lower power density, the interaction was 

dominated by thermal vaporization, and the vapor was enriched in zinc (the latent heat of vaporization 

for z inc i s l ower t han t hat f or c opper b y a f actor of  a bout 3) . U sing a pi cosecond N d:YAG, o n t he 

contrary, the r esulting vapor was enriched in copper a t lower power density. In order to explain such 

findings, a non-thermal mechanism was proposed, which involves an interaction between space charges 

and ionized species at the sample surface. The fast photoelectrons generated by a picosecond pulse can, 

in fact, produce space charges. In this case, at lower power density the ionization of copper (ionization 

potential = 7.72 eV) could be favored over that of zinc (ionization potential 9.29 eV). However, for both 

types of laser, increasing the laser power density eventually leads to stoichiometric ablation. Nouvellon 

et al. (Nouvellon 1999), on the other hand, using a KrF laser at 248 nm, could not verify stoichiometric 

ablation in the case of copper in brass samples. Another condition affecting stoichiometric ablation is the 
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formation of a deep crater by repetitive irradiation of the same surface position. Borisov et al. (Borisov 

2000) investigated t he d ependence of  t he P b/U line e mission i ntensity r atio on t he num ber o f l aser 

pulses focused on t he same spot in a NIST glass standard. This particular element pair was chosen for 

the large difference between the melting points of their corresponding oxides. For power density values 

above a certain threshold (previously determined by the same group), the ablation was stoichiometric as 

long as the crater was shallow. However, when the crater aspect ratio (depth/diameter) exceeded a value 

of about 6, the composition of the ablated material diverged from stoichiometric, becoming enriched in 

lead. T wo in terpretations o f th is b ehavior are p ossible: th e f irst a ttributes th e deviation f rom 

stoichiometry to the effect of reduction of the actual power density within the crater, owing to geometric 

factors, t o va lues be low t he t hreshold f or s toichiometric a blation; t he second, i nstead, poi nts t o t he 

shielding an d t hermal ef fects of t he pl asma g enerated i nside t he c rater. In a ny e vent, t he a uthors 

conclude that good stoichiometric ablation can be achieved when experimental conditions are carefully 

selected.  

Investigation of an issue analogous to stoichiometric ablation in solids has been undertaken by Dudragne 

et al. (Dudragne 1998) for the detection of fluorine, chlorine and carbon compounds in air. They found 

that the slope of the calibration curves of the carbon-line versus the concentration of the compounds in 

air (expressed as volume/volume ratio) is proportional to the number of carbon atoms in the molecule. 

The s ame ha s be en obs erved f or c hlorine a nd f luorine c ompounds, de monstrating t hat t he g aseous 

molecules are completely dissociated in the plasma (similar conclusions have been reached by Cremers 

and R adziemski (Cremers 1983)). T his finding enabled t he a uthors t o calculate a  calibration c urve 

normalized to one atom per molecule for each element considered and to determine the stoichiometric 

ratio be tween f luorine, chlorine and c arbon for u nknown compounds. S imilarly, W inefordner and co-

workers (Tran 2001) have demonstrated a stoichiometric relationship for the determination of C:H:O:N 

ratios i n s olid or ganic c ompounds. A s a  f inal r emark, i t s hould be  not ed t hat, be cause onl y a s mall 

amount of material is sampled and analyzed in LIBS, the accuracy and precision of the measurement are 
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heavily dependent on the homogeneity of the sample. A particular case is represented by the analysis of 

aerosols, i n w hich de viation f rom s toichiometry may b e t he r esult of  i ncomplete va porization of  

particles, because some elements are segregated on the grain surface or interior. For instance, in a study 

based o n B e p articles, C remers an d R adziemski (Cremers 1985) suggested t he ex istence o f an  upper 

limit to t he m ass that c an be  va porized b y s ingle l aser pul ses a nd obs erved t hat unde r t he s pecific 

experimental conditions used, particles greater than 10 μm in diameter were under sampled. This value 

has been often quoted in the literature as the upper limit for complete particle vaporization 

in LIBS but  i t i s c ertainly ve ry de pendent upon l aser f luence a nd pa rticle c omposition a nd m ay vary 

widely. Recent measurements by Carranza and Hahn (Carranza 2002) on 𝑆𝑖𝑂2 particles have yielded an 

upper size limit of about 3 μm.  

In general, t he us e of  s horter l aser pul ses s hould be  be neficial w ith r espect to  f ractionation p roblems 

(Russo 2002). Also, the ablation efficiency (defined here as the ratio of the ablated matter volume to the 

laser pulse energy) was found to be better when a femtosecond laser was used (Semerok 1999). 

1.3 The excitation/ionization function 

1.3.1 Definition of thermodynamic equilibrium in laser-induced plasmas 

In laser-induced plasmas, the duration of the plume emission is long compared with both the radiative 

lifetimes of the emitting species and the laser pulse length. Therefore, plasma emission is  not a  direct 

consequence of  t he pho to-excitation me chanism. R ather, a  l onger l ived s econdary pr ocess, s uch a s 

impact excitation b y thermal e lectrons, h as be en invoked to explain t he phenomenon (Cheung 1997). 

Owing t o t he n ature of  the pa rticles m aking up the pl asma, w e w ould e xpect t he ki netic, e xcitation, 

ionization, and radiative energies to contribute to the description of the system state. The distributions 

corresponding t o t he a bove-mentioned en ergy f orms ar e d escribed respectively b y t he M axwell, 

Boltzmann, Saha and Planck functions. The equilibrium distribution of energy among the different states 

of t he as sembly o f p articles i s d etermined b y t he t emperature, T, de fined f or e ach p articular f orm of  

energy. It may happen that an equilibrium distribution exists for one of these forms of energy, but not 
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for another. Complete thermodynamic equilibrium would exist when all forms of energy distribution are 

described by the same temperature. Under such conditions, the principle of detailed balance must hold. 

In practice, this situation cannot be fully realized, and some approximations must be adopted to describe 

the plasma state. The form of energy that is most often decoupled from the others is radiation energy, 

since radiative equilibrium requires the plasma to be optically thick at all frequencies. However, typical 

LIBS p lasmas, in  w hich e lectron c ollision is  th e r ate-determining m echanism, c an be  de scribed b y a  

state known as Local Thermodynamic Equilibrium (LTE). In this state, the collision processes must be 

much more important than the radiative ones, so that the non-equilibrium part of radiative energy can be 

neglected, w hile for every p oint it is  s till p ossible to  f ind a  te mperature p arameter th at s atisfies th e 

Boltzmann, Saha and Maxwell distributions. Thus, the plasma electronic excitation temperature, T, and 

the electron density,𝑛𝑒 which can be derived from the plasma emission data, can be used to describe the 

plasma characteristics.  .  

In referring t o t he pl asma c onstituents, w e ne ed t o di stinguish be tween c hemical elements ( whose 

concentration we wish to measure in the sample) and species corresponding to different ionization stages 

of the same element present in the plasma. By convention, spectroscopic notation indicates neutral and 

single i onized s pecies o f t he e lement P b, f or i nstance, a s P b(I) and P b(II), r espectively. It i s w idely 

recognized that, in typical LIBS plasma and within the typical measurement time window, only neutral 

atoms a nd s ingly charged i ons a re pr esent t o a  significant d egree. T herefore, i n t he following, only 

neutral and singly ionized particles will be considered. In any case, all the relations can, if necessary, be 

easily generalized t o i nclude hi gher i onization s tates. U nder LTE c onditions, t he popul ation of  t he 

excited levels for each species follows a Boltzmann distribution (see the 𝑓𝑒𝑥𝑐 in equation (1.2)): 

 

                                 𝑛𝑖𝑠 = 𝑔𝑖
𝑍𝑠(𝑇)𝑛

𝑠𝑒−𝐸𝑖/𝐾𝑇                                                                           1.7 

 

where 𝑛𝑖𝑠 indicates the population density of the excited level i of species s, 𝑔𝑖 and 𝐸𝑖 are the 
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statistical weight and the excitation energy of the level, respectively, 𝑛𝑠 is the total number density of 

the species s in the plasma, K is the Boltzmann constant and 𝑍𝑠(𝑇) is the internal partition function of 

the species at temperature T: 

 

                               𝑍𝑠(𝑇) = ∑  𝑔𝑖𝑒−𝐸𝑖/𝐾𝑇𝑖                                                                     1.8 

 

Here, and in what follows, the ground state of the atom or ion corresponds to zero energy. Owing to the 

crowding of  e nergy l evels t oward t he i onization l imit, c alculation of  t he partition f unction s hould, i n 

principle, in clude in finite te rms, e specially at high p lasma t emperatures, cau sing t he s um t o d iverge. 

However, t he s um e xtends t o i nfinity onl y i f t he pos sible pr incipal qua ntum num ber a nd, he nce, t he 

atomic radius extend to infinity. In the plasma environment, however, because of screening by the other 

charged p articles, th e electron is  attracted b y the n ucleus u ntil it is  w ithin a  f inite d istance 

(corresponding to the radius of the Debye sphere). This is equivalent to reducing the effective ionization 

potential 𝐸𝑖𝑜𝑛for each species in the plasma by a factor Δ𝐸𝑖𝑜𝑛 . This same factor defines a cut-off limit to 

the sum of the partition function, thereby removing the problem of divergence (Thorne 1974).  

The c ondition t hat a tomic a nd i onic s tates s hould be  popul ated a nd de populated pr edominantly b y 

electron collisions, rather than by radiation, requires an electron density which is sufficient to ensure a 

high c ollision r ate. T he c orresponding l ower l imit o f el ectron d ensity 𝑛𝑒 is g iven ( cm−3) b y t he 

McWhirter criterion: 

 

                                   𝑛𝑒 ≥ 1.6 × 1012𝑇1/2(Δ𝐸)3                                                                                   1.9 

 where Δ𝐸 (eV) is the highest energy transition for which the condition holds, and T (K) is the plasma 

temperature. T his c riterion i s a  ne cessary, t hough i nsufficient, c ondition f or LTE, a nd i s t ypically 

fulfilled during the f irst stages of p lasma lif etime. It is , however, d ifficult to  satisfy for the low-lying 

states, where Δ𝐸 is l arge. However, for any 𝑛𝑒, i t i s possible t o f ind high excitation l evels where t he 
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states are close enough for equation (1.9) to hold. In this case, the plasma is said to be in partial LTE 

(Thorne 1974).   

As al ready m entioned, L TE p lasmas can  b e ch aracterized b y a s ingle t emperature t hat d escribes t he 

distribution of  s pecies i n e nergy levels, t he po pulation of  i onization s tages o r t he k inetic en ergy o f 

electrons and heavier particles. Consequently, the excitation temperature which controls the population 

of t he a tomic ( and i onic) e nergy l evels s hould be  t he s ame a s t he i onization t emperature, w hich 

determines the d istribution of a toms of the same e lement in  the d ifferent ionization s tages. This latter 

distribution is described by the Saha equation, which in the case of the neutral and singly ionized species 

of the same element can be written as 

 

                                                            𝑛𝑒
𝑛𝐼𝐼

𝑛𝐼
= (2𝜋𝑚𝑒𝐾𝑇)3/2

ℎ3
2𝑍𝐼𝐼(𝑇)
𝑍𝐼(𝑇) 

𝑒−𝐸𝑖𝑜𝑛/𝐾𝑇                                          1.10 

where 𝑛𝑒 is t he pl asma e lectron de nsity, 𝑛𝐼 and 𝑛𝐼𝐼 are t he num ber de nsities of t he ne utral a tomic 

species and the single ionized species, respectively, 𝐸𝑖𝑜𝑛 is the ionization potential of the neutral species 

in i ts ground s tate, 𝑚𝑒 is the electron mass, and h is Planck’s constant. It i s worth mentioning that in 

accurate calculations, the ionization potential lowering factor ∆𝐸𝑖𝑜𝑛 should be  taken into account (the 

typical value being on the order of 0.1 eV). 

It should be noted that, by definition, LTE might also result in spatial decoupling, possibly leading to  

different plasma temperatures at different spatial positions. This should be considered especially when 

comparing results obtained in different observation geometries (Panne 1998). 

1.3.2 Measurement of plasma temperature 

Many m ethods have been described for d etermining the pl asma t emperature based on t he absolute or  

relative line in tensity ( line pair ratio o r Boltzmann p lot), the ratio o f line to  continuum in tensity, e tc. 

Depending on the experimental conditions, one of these methods may be more suitable than others. For 

the di agnosis of  e arly p hase pl asma, f or i nstance, Liu et a l. (Liu 1999) used t he l ine-to-continuum 

intensity r atio, b ecause l ine and continuum in tensities a re t ypically comparable at th e s tart o f p lasma 
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evolution. As our main interest here is in the analytical applications of LIBS (i.e. involving observations 

of the plasma at later times), this method will not be discussed further.  

Provided that the LTE hypothesis described above is fulfilled, the plasma temperature can be calculated 

from th e in tensity r atio o f a  p air o f s pectral lin es o riginating in  d ifferent u pper le vels o f th e s ame 

element and ionization stage. In fact, assuming that the level population obeys a Boltzmann distribution 

(equation ( 1.7)), t he to tal s pectrally in tegrated radiant e missivity  c orresponding to  th e tr ansition 

between the upper level i and the lower level j is given by 

 

                                                          𝑒𝑖𝑗 = �ℎ𝑐
4𝜋
� 𝐴𝑖𝑗𝑔𝑖
𝜆𝑖𝑗𝑍𝑠(𝑇)𝑛

𝑠𝑒−𝐸𝑖/𝐾𝑇                                                        1.11 

where 𝜆𝑖𝑗 , 𝐴𝑖𝑗 and 𝑔𝑖 are the wavelength, the t ransition p robability and the s tatistical weight for th e 

upper level, respectively; c is the speed of light, and the other symbols have already been defined. With 

the detectors typically used in LIBS measurements, an alternative formula in terms of the integrated line 

intensity (number of transitions per unit volume per unit time) is preferred, i.e. 

                               𝐼𝑖𝑗 = 𝑛𝑖𝑠𝐴𝑖𝑗 = 𝐴𝑖𝑗𝑔𝑖
𝑍𝑠(𝑇)𝑛

𝑠𝑒−𝐸𝑖/𝐾𝑇                                                    1.12 

Now, by considering two lines, 𝜆𝑖𝑗 and 𝜆𝑚𝑛, of the same species, characterized by different values of the 

upper level energy (𝐸𝑖  ≠  𝐸𝑚), the relative intensity ratio can be used to calculate 

the plasma temperature 

 

                               𝑇 = 𝐸𝑖−  𝐸𝑚

𝑘𝑙𝑛�
𝐼𝑚𝑛𝑔𝑖𝐴𝑗𝑖
𝐼𝑖𝑗𝑔𝑚𝐴𝑚𝑛

�
                                                                       1.13 

When selecting a l ine pair, it is advisable to choose two lines as close as possible in wavelength and as 

far apart as possible in excitation energy. This is  to limit th e effect of varying spectral response of the 

apparatus, as well as to  minimize the sensitivity to small f luctuations in emission intensity. Assuming 

that the intensity values are the only factors a ffected b y the experimental e rror, the uncertainty in the 

temperature determination based on equation (1.13) can be given as 
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                                                                Δ𝑇
𝑇

= 𝑘𝑇
Δ𝐸

Δ𝑅
𝑅

                                                                                1.14 

where Δ𝐸 = 𝐸𝑖 −   𝐸𝑚 is the difference in energy of the two states observed, 𝑅 = 𝐼𝑖𝑗
𝐼𝑚𝑛

   

is the measured ratio of emission intensities, and Δ𝑅 is the uncertainty associated with the ratio. As is 

clear f rom equation (1.14), large values of Δ𝐸 will minimize the effect of the uncertainty in R on the 

uncertainty in T (Alkemade 1982).  

As we have seen, the emitted spectral line intensity is a measure of the population of the corresponding 

energy level of a certain species in the plasma. Under the assumptions that the plasma is both in LTE 

and optically thin, if we have information on t he intensity emitted from several excited levels, we can 

then de termine t he t emperature w hich i s r esponsible f or t he obs erved population di stribution. Once 

again, we use the Boltzmann equation (equation (1.7)) to relate the population of an excited level i to the 

total number density 𝑛𝑠 of the species s in the plasma, and equation (1.12) to represent the intensity of 

the tr ansition s tarting w ith le vel i. A fter l inearization of  e xpression ( 1.12), th e familiar form o f th e 

Boltzmann plot equation is obtained 

 

                               𝑙𝑛 𝐼𝑖𝑗
𝐴𝑖𝑗𝑔𝑖

= 𝑙𝑛 � 𝑛𝑠

𝑍𝑠(𝑇)� −
𝐸𝑖
𝑘𝑇

                                                              1.15 

Measurement of the intensities of a series of lines from different excitation s tates of the same species 

allows e valuation of  the p lasma te mperature, p rovided th at th e tr ansition p robabilities a nd s tatistical 

weights are known. A plot of the left-hand side of equation (1.15) vs. 𝐸𝑖 has a slope of −1/kT. Therefore, 

the plasma temperature can be obtained via linear regression, without knowing 𝑛𝑠 or 𝑍𝑠(𝑇)  

The us e o f s everal di fferent l ines i nstead of  j ust one  pa ir l eads t o greater pr ecision of  t he pl asma 

temperature de termination. In f act, t hough t he precision of  t he i ntensity values c an be  i mproved b y 

increasing th e s ignal i ntensity, th e tr ansition p robability v alues reported in  th e lite rature e xhibit 

significant degrees of  uncertainty ( from 5% to 50%). The use of  many l ines in some sense “averages 

out” these uncertainties.  
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Because emission lines from different ionization stages are usually present in a l aser induced plasma, a 

combination of the Saha ionization and Boltzmann excitation distributions can be used to measure the 

electron temperature. The most common form of the coupled Saha–Boltzmann relation takes the form of 

the ionic/atomic emission radiance ratio 

 

                                                          
𝑒𝑖𝑗
𝐼𝐼

𝑒𝑚𝑛
𝐼 = �

𝐴𝑖𝑗
𝐼𝐼𝑔𝑖

𝐼𝐼𝜆𝑚𝑛
𝐼

𝐴𝑚𝑛
𝐼 𝑔𝑚𝐼 𝜆𝑖𝑗

𝐼𝐼� �
2(2𝜋𝑚𝑒𝑘𝑇)3/2

𝑛𝑒ℎ3
� 𝑒−

�𝐸𝑖𝑜𝑛−Δ𝐸𝑖𝑜𝑛+𝐸𝑖
𝐼𝐼−𝐸𝑚

𝐼 �
𝑘𝑇                  1.16 

The s uperscripts I and II denote at omic an d i onic p arameters, r espectively. H ere, 𝐸𝑖𝑜𝑛 is th e first 

ionization pot ential a nd Δ𝐸𝑖𝑜𝑛 is t he l owering c orrection pa rameter. T he coupledform of  t he S aha–

Boltzmann di stribution c an b e l inearized a s i n t he c ase o f t he Boltzmann r elation and r earranged i n 

terms of line intensity to yield 
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                   1.17 

Plotting the logarithmic ratio o f several ionic and a tomic emission line combinations as a  function o f 

their energy differences results in a line whose slope is inversely proportional to the electron temperature 

(when the source is in LTE). The energy difference is typically larger than the energy spread within a 

single i onization s tage. Accordingly, t he s lope f rom a  l inear r egression cal culation i s l ess s ensitive t o 

measurement noise. Furthermore, the electron density can now be obtained from the intercept. It should 

be noted that, in contrast to the Boltzmann plot alone, the intercept of the coupled Saha–Boltzmann plot 

does not require an  absolute intensity calibration because the geometric factors cancel out in the ratio 

(Bye 1993).   

 1.3.3 Two methods of quantitative analysis. 

Quantitative L IBS analysis is c onventionally p erformed using c alibration-based m ethod i n which 

calibration c urves o f e mission lin e in tensity v s. elemental c oncentration using a  f ew ma trix-matched 

reference samples with known composition are first produced and then the composition of an unknown 

sample is  f ound b y c omparing th e analyte lin e s ignals w ith s pectral in tensities o btained f rom th e 
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calibration cu rves (Cremers 1987; Russo 1995; Chan 1991; Mao 1996; Russo 2002; Mao 1998). The 

applicability of this method is limited because a matrix with composition similar to the unknown sample 

is required which i s, in many cases, not  possible. As an a lternative method, the calibration-free L IBS 

(CF-LIBS) method has been initially developed by Ciucci et al (Ciucci 1977) for quantitative elemental 

analysis with LIBS spectra. In this method, the elemental composition of a sample is determined from 

the LIBS spectrum using computational methods in analysing the basic physics of the plasma process by 

estimating the plasma temperature and electron number density, assuming that the plasma composition 

represents exactly the composition of the sample, i.e. stoichiometric ablation, and the plasma is optically 

thin and is  in  local thermodynamic equilibrium (LTE). For the quantification of  elemental contents in 

the sample,   algorithm is developed relating the experimentally measured spectral intensity values at a 

time d elay where th e p lasma is  o ptically th in a nd in  L TE, w ith th e b asic p hysics p arameters of  t he 

plasma. Since i ts inception, the CF-LIBS method has been used by several research groups across the 

world to analyse metallic alloys, such as Al-based (Nouvellon 1999; Borisov 2000), Fe-based (Borisov 

2000), Cu-based (Dudragne 1998; Cremers 1983; Tran 2001; Cremers 1985; Carranza 2002) and Au-

based (Tran 2001, Semerok 1999) alloys as well as  non-metallic samples, such as soil, rock and glass 

(Tran 2001, Semerok 1999; Cheung  1997; Thorne 1974;  Panne 1998). The advantage of this method is 

that the need for a  matching matrix, a  serious problem in  the calibration-based LIBS, i s overcome. A 

major drawback of this method is that one needs to detect at least one line of each element in the plasma 

with known atomic data. Gomba et al (Liu 1999) have developed a C F-LIBS procedure different from 

that of Ciucci et al (Nouvellon 1999) to quantify the contents of the elements by estimating the plasma 

temperature, e lectron nu mber de nsity a nd relative num ber de nsities of  the ne utral a nd s ingly i onized 

ionic s pecies in  th e L IBS p lasma u sing th e e xperimental s pectral lin e in tensity v alues in  th e time  

window where the plasma is optically thin and in LTE. 

For quantitative elemental analysis from the LIBS spectral line intensities, it is essential to characterize 

the time-evolving LIBS plasma in terms of its temperature and electron number density and find out the 
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time window where the LIBS plasma is optically thin and in LTE. Based on pl asma spectroscopy, the 

Boltzmann plot method yields the temperature T and the Saha–Boltzmann equation method yields the 

electron number density 𝑛𝑒 of optically thin plasmas in LTE. 

1.4 Principal Component Analysis (PCA): the statistical method used in this study  

It i s m ore t han a c entury since Karl P earson i nvented t he c oncept of  P rincipal C omponent A nalysis 

(PCA). N owadays, i t i s a  ve ry us eful t ool i n da ta a nalysis i n m any f ields. P CA i s t he t echnique of  

dimensionality reduction, w hich t ransforms da ta i n t he hi gh-dimensional s pace t o s pace of  lower 

dimensions. PCA a lgorithms w ere us ed i n t his s tudy f or r educing t he hi gh-dimensional s pectroscopic 

data b y constructing a linear combination of  t he or iginal v ariable i nto a  few or thogonal principle 

components which contain most of  t he va riability of the data s et. This p rojection method a llows f irst 

visualization of  the na tural cl ustering i n t he d ata, s econd primary e valuation of  the b etween-class 

similarity and th irdly finding t he r easons be hind t he obs erved pa ttern b y making correlation w ith th e 

chemical or physico-chemical properties of the studied samples. 

Indeed, PCA itself does not reduce the dimension of the data set. It only rotates the axes of data space 

along l ines o f m aximum v ariance. T he ax is o f t he g reatest v ariance i s cal led t he f irst p rincipal 

component. Another axis, which is orthogonal to the previous one and positioned to represent the next 

greatest variance, is called the second principal component, and so on. The dimension reduction is done 

by us ing onl y t he f irst few pr incipal c omponents as  a b asis s et f or t he n ew s pace. T herefore, this 

subspace tends to be small and may be dropped with minimal loss of information. 

Originally, PCA i s t he or thogonal t ransformation which can de al with l inear da ta. However, t he real-

world data is usually nonlinear and some of it, especially multimedia data, is multilinear. Recently, PCA 

is not  l imited t o onl y l inear t ransformation. T here a re m any extension m ethods t o m ake po ssible 

nonlinear a nd m ultilinear t ransformations vi a m anifolds ba sed, ke rnel-based and t ensor-based 

techniques. This generalization makes PCA more useful for a wider range of applications. Determining 
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this fact allows an experimenter to discern which dynamics are important, which are just redundant and 

which are just noise. 

Principal C omponent A nalysis ( PCA) ha s b een called one  of  t he m ost va luable r esults f rom  applied 

linear al gebra. It i s a u seful s tatistical t echnique t hat h as f ound ap plication i n f ields s uch as  face 

recognition, image compression, neuroscience, computer graphics and is also a common technique for 

finding pa tterns i n da ta of  hi gh di mension. It i s a w ay o f ex pressing t he d ata in s uch a  w ay as t o 

highlight t heir s imilarities a nd di fferences. S ince pa tterns i n da ta c an b e ha rd t o f ind i n da ta of  hi gh 

dimension, where the l uxury of  graphical r epresentation i s not  available, PCA i s a  pow erful t ool f or 

analyzing data (I.T. Jolliffe, 2002). 
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2 

Coffee 

2.1 Introduction 

In this chapter we will discuss about the species of coffee, the relationship between coffee quality and 

coffee processing, the composition of coffee, different methods of elemental analysis in coffee and about 

the discrimination of coffee.  

Coffee has been for decades the most commercialized food product and most widely consumed beverage 

in the world. Since the opening of  the f irst coffee house in Mecca at  the end of the f ifteenth century, 

coffee consumption has greatly increased all around the world. In 2010, coffee production reached 8.1 

million to ns worldwide. It is  th e second most i mportant exported c ommodity i n t he w orld a fter o il 

(Pendergrast 1999).  

The reasons for this continuous increase in coffee consumption include improved cup quality through 

selection o f varieties and breeding, better agricultural p ractices; the cr eation of specialty shops, and a  

change in coffee’s image through the dissemination of information on the health benefits of long-term 

coffee consumption. Today, coffee is considered a functional food, primarily due to its high content of 

compounds that exert antioxidant and other beneficial biological properties. The characteristic flavor and 

richness o f co ffee aroma make i t a  uni que b everage, w ith almost a  t housand vol atile compounds 

identified in roasted coffee (Yeretzian 2003). 

More than 80 developing countries mainly earn their foreign currency from coffee. Ethiopia is one of the 

eight regions in the world considered to have a strikingly high level of diversity in cultivated crop plants 

(Vavilov 1951) . A rabica c offee ( Coffea arabica L.) i s one  o f t he crops w hich ha ve t heir o rigin a nd 

centre of diversification in Ethiopia. The domestication and use of coffee in Ethiopia dates back some 

2000 y ears ago ( Luxner 2001) . F or E thiopia, c offee i s 4 -5% o f t he G DP, 20% of  t he g overnment 
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revenue, 60% of the total foreign exchange earnings up to the year 2000 and a livelihood for more than 

25% of its population (Tafesse 1996). 

2.2 Map of coffee growing regions in Ethiopia  

 

 

Figure 2.1: coffee growing regions in Ethiopia 

 

2.3 Coffee Species 

The coffee tree belongs to the Rubiaceae family, genus Coffea. Although more than 80 coffee species 

have be en i dentified w orldwide (Clarke 2003) , only t wo a re e conomically i mportant. Coffea ar abica, 

also known as Arabica coffee, i s responsible for approximately 70% of the global coffee market, and 

Coffea canephora or Robusta coffee accounts for the rest (ICO 2009 201 1; ABIC, 2011). Arabica and 

Robusta coffees ar e d ifferent i n m any w ays, i ncluding t heir i deal growing climates, p hysical as pects, 

chemical composition, and characteristics of the brew made with the ground roasted seeds. 
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2.4 Coffee processing  

There are two major coffee processing styles in the world: Sun-dried natural, and fully washed. Certain 

coffee processing styles are more prevalent in certain regions, but in general it is possible to find both 

styles throughout the coffee growing regions in Ethiopia. Many countries have one national processing 

style, either washed (example: Colombia) or natural (example: Haiti). Ethiopia has both, and both on a 

large scale. 

Processing refers primarily to the method of removing the skin, pulp, and parchment from coffee cherry, 

to reveal the green coffee bean (actually the seed of the plant) underneath. The manner in which this is 

done has a huge impact on the flavor of the resulting coffee. Coffee pulp, or mucilage, is very sticky and 

dense i n s ugars. Special p rocesses ar e n eeded t o r emove t he m ucilage f rom t he b eans. T hese g eneral 

categories ( washed vs . na tural) a re c ommon t hroughout t he c offee-producing w orld. H owever, t he 

specifics of each process can vary considerably from country to country.  

In Ethiopia, Sun-dried natural processing is usually done using raised drying beds, though some coffees 

are a lso dr ied on  t he ground, e specially coffees f or t he l ocal m arket. R aised be ds m ade out  of  wood 

posts, about waist-high, are covered in a material like burlap or nylon netting. Producers lay the coffee 

cherries, skin and all, out to dry on the beds.  

Over t ime, the skin and s ticky juices of  the cherries dr y out  in the sun. This p rocess can  t ake several 

days t o a  few weeks, de pending on t he t emperature and the i ntensity of  the sun.   During the dr ying 

process, the cherries shrink in size and eventually become hard and completely dry. Once the process is 

completed, sacks of dried cherries are taken to a hulling station for the removal of the outer cherry.  

Care must be taken to ensure even drying of cherries, and to avoid any contact between the cherries and 

contaminating substances, like direct contact with soil. Insufficient attention to these details can lead to 

muddy, dirty, or fermented flavors in the cup.  
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The gr eat a dvantage of  na tural pr ocessing i s t hat i t doe s not  r equire any water, no r a ny e laborate 

machinery or facilities. As a result, one finds more naturally processed coffees in drier areas, as well as 

poorer or more remote areas. 

Generally, as the result of prolonged and sun-fueled contact with the cherry’s own natural sugars, sun-

dried natural coffees have a s weet, fruity character with a creamy mouth feel. The best, most-carefully 

cared-for sun-dried natural coffees can have intense berry flavors, tropical fruit aromatics, and chocolaty 

undertones. Natural-process green coffee beans often have a yellowish or orange-like tinge to them. This 

comes from prolonged contact with the sugars as they “cook” into the bean in the sunlight.  

In t he w ashed or  “ fully w ashed” style of  pr ocessing, t he out er s kin of  the c offee c herry i s r emoved 

immediately a fter ha rvesting, us ually t he s ame da y t he c herries w ere pi cked. T his i s done  using 

machines w hich “p ick” or s crape a way j ust t he v ery o uter l ayer of  t he c herry, l eaving be hind t he 

parchment coffee covered in sticky mucilage.  

The “washed” designation refers to what happens to the coffee next. The mucilage-coated beans are then 

fermented w ith w ater i n l arge t anks, us ually c ement. T he pr ocess of  fermentation br eaks dow n t he 

sugars i n t he m ucilage and f rees i t f rom t he pa rchment. Fermentation us ually t akes a round 24 h ours, 

though shorter or  longer fermentation t imes are possible, depending on t he local climate, altitude, and 

other factors. 

 Once fermentation is complete, the coffee is released from the fermentation tank and pushed manually, 

with t he he lp of  s ome flowing w ater, dow n l ong c hannels. T his a gitation f rees up a ny r emaining 

mucilage an d s eparates i t f rom t he p archment co ffee. A t t he en d o f t he ch annels, t he co ffee en ters 

another tank where it is rinsed with fresh water. The result is wet coffee in parchment, free of the sticky 

mucilage.  

From the final washing tank, the wet parchment coffee is taken to dry in the sun, usually on raised beds. 

This process of drying happens quickly, because there is no skin or mucilage between the sun and the 

parchment. After one or two days in the sun, the coffee is removed from the beds and stored in sacks in a 
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warehouse. W hen i t i s t o be  e xported, t he c offee is u sually t aken t o a l arger cen tral m ill w here t he 

parchment is removed, and the coffee is sorted and bagged for export. 

The d isadvantage o f t he w ashed p rocess i s t hat i t r equires l arge q uantities o f w ater an d m ore 

infrastructure. In many locales, it is  simply not feasible to do the washed process. Washed coffee tends 

to have a cl arity of f lavor and aroma that is often lacking in natural coffees. Many cuppers assert i t is 

easier to taste the influence of soil and varietal in washed coffees. Acidity comes through more clearly, 

and the cup is generally cleaner. The cleanest, highest quality, high-altitude washed coffees can have an 

intensely refreshing character (Willem J. Boot 2011). 

2.5 Composition of Coffee  

The coffee beverage can be consumed for many reasons, including its stimulatory effects resulted from 

the p resence of caf feine, h ealth b enefits, an d p rimarily excellent t aste an d ar oma ( Grembecka e t al . 

2007; Butt and Sultan 2011; Oliveira et al. 2012). Due to a habitual consumption of coffee, its chemical 

composition, namely the presence of  essential, non-essential and toxic elements, has to be known and 

kept under control in terms of its safety, and to assist its quality, nutritional value, and certain sensorial 

properties ( Krivan e t a l. 1993;  D e N adai F ernandes e t a l. 2002;  Z aidi e t a l. 2006;  F ilho e t a l. 2 007; 

Oleszczuk et al. 2007; Oliveira et al. 2012). Coffee is composed primarily of carbohydrates and f iber, 

proteins, lipids, minerals, organic acids, chlorogenic acids, trigonelline, and caffeine. 

2.6 Elemental Analysis of Coffee 

Although the content of  e lements i n coffee i s o nly about 5 % , i t s eems to be  a  good indicator of t he 

coffee authenticity. Apparently, i t can bring the useful information about individual elemental patterns 

that a re di stinctive t o t he or igin of  growing s oils f or c offee pl ants i n a ddition t o c ultivation a nd 

environmental conditions used. The elemental analysis of coffee by means of instrumental measurement 

methods m ay ha ve ot her u ses. It c an be  us ed t o pr ove t he hi gh qua lity and s afety of  c offee beans. 

Commonly, different atomic absorption and emission spectrometry and instrumental neutron activation 

analysis methods are used to determine concentrations of various elements in green, roasted, and ground 
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or i nstant c offees a nd c offee i nfusions, but  t hese s amples ha ve t o be  s uitably pr epared pr ior t o t he 

analysis. 

The authenticity of coffee related to i ts certain geographical or igin and botanical variety based on the 

elemental analysis and statistical pattern recognition methods seems to be quite important to producers 

and consumers (Krivan et al. 1993; dos Santos and de Oliveira 2001; De Nadai Fernandes et al. 2002; 

Fernandes et al. 2005; Filho et al. 2007; Grembecka et al. 2007; Oleszczuk et al. 2007; Bertrand et al. 

2008). S ince consumers usually s earch for coffee with special t aste and a roma, of  a  hi gh qua lity and 

produced from beans of known variety and origin, the determination of  the provenience of  coffee is a 

very important pa rt of the coffee t rade (Martin e t a l. 1998a; Vega-Carrillo e t a l. 2002; Bertrand e t a l. 

2008). The quality of Ethiopian coffee is determined by two main factors namely the geographic origin 

and t he pos t ha rvest pr ocessing ( Nicholas, 2007 ).   S ometimes di shonest p roducers can s ell ch eaper 

varieties or blends of coffees but recommending them as of a much better quality (Anderson and Smith 

2002). T he d ifference b etween t he d eclared an d t he r eal co mposition can al so b e t he ef fect of an  

accidental mislabeling (Martin e t al. 1999) . In a ll these cases, the reliable and dependable analysis of  

selected c omponents or  pr operties of  c offee m ay e xclude s uch m istakes, i .e., f raudulent or  accidental 

mislabeling and confirm the high quality of the final product (Suseela et al. 2001). 

To g uarantee s tated qua lity and s afety of  a f inal c offee pr oduct a nd pr otect w ell-being a nd he alth of  

consumers, di fferent pa rameters r esponsible f or t he w holesomeness of  g reen be ans, r oasted b eans, 

prepared coffee and its infusions have to be measured using suitable analytical methods. For example, in 

the organoleptic analysis of green coffee beans, their odor and taste in addition to the information about 

their size, shape, color, and cross-section are ascertained as a part of the quality assessment (Belitz et al. 

2009). C olor a nd f lavor c haracteristics a re i mportant t o f ind t he b est de gree of  roasting green b eans 

(Belitz e t al. 2009) . F or t he evaluation o f t he qua lity of coffee i nfusions, t he f lavor of  pr epared 

beverages is commonly described under standardized conditions (Sanz et al. 2002). All individual notes 
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of each sample are collected and its unique profile is assessed, however, it should be noted that opinions 

of qualified coffee testers on coffee taste and aroma can be subjective (Krivan et al. 1993; Anderson and 

Smith 2002). 

Chemical m ethods of  t he c offee a nalysis a re s imilar t o t hose us ed i n t he f ood qua lity control a nd 

assessment ( Martin e t al. 1998a ). T hey are ba sed on t he d etermination of di fferent compounds, e .g., 

volatile c ompounds, c affeine, t annins a nd pol yphenols, l ipids, i ndividual c arbohydrates l ike s ucrose, 

glucose, fructose, arabinose, galactose, polysaccharides like cellulose, amino acids, vitamins B3 and PP, 

chlorogenic a cid, t rigonelline, a nd m inerals ( Bernal e t al. 1996;  C osta F reitas a nd M osca 1 999; 

Anderson a nd S mith 2002;  V illarreal et a l. 20 09; H ecimovic e t al. 2 011;Wei e t a l. 2011) . These 

chemical s pecies ar e o ften m easured f or t he p urpose o f d iscriminating c offee v arieties an d b rands o r 

determining the coffee origin (Bernal et al. 1996; Costa Freitas and Mosca 1999; Anderson and Smith 

2002; Villarreal e t al. 2009;  Hecimovic e t a l. 2 011). However, i t should be  considered that a ll stages 

involved in the production of coffee, from coffee harvesting to roasting, can change the composition of 

the final product (Anderson and Smith 2002; Mussatto et al. 2011). Among different substances present 

in co ffee, o nly c affeine is s table t o t he ex cessive r oasting t emperature ( Mussatto et  al . 2 011). O ther 

chemical compounds are susceptible to degradation during production and storage conditions (Anderson 

and S mith 2002) . H ence, a  reliable a nd i ndependent m ethod e nabling t o di fferentiate t he geographic 

growing or igin of  coffee has to be  focused on c ompounds that a re s table dur ing a ll coffee production 

stages and a subsequent storage. Elements and their concentrations fulfill this requirement and for that 

reason the elemental analysis of coffee, aimed at determining its elemental composition is so important 

for the purpose of its quality control and bromatological value evaluation (Krivan et al. 1993; Anderson 

and Smith 2002). 

2.7 Instrumental Methods of Analysis 

When c onsidering enormous c offee p roduction a nd c onsumption i n t he w orld, t he de termination of  

elements in coffee, including those regarded as nutrients and those classified as toxic and hazardous to 
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health, is certainly of great interest and importance (Dos Santos and de Oliveira 2001; Oleszczuk et al. 

2007). H ence, t he de velopment of  i nstrumental methods s uitable f or a  reliable e lemental an alysis o f 

coffee, pr oviding m easurements of  c oncentrations of  m ineral nutrients a nd c oncomitant t races, i s 

essential for the whole coffee sector because competently assures the high quality of the final product 

(Ribeiro et al. 2003; Tagliaferro et al. 2006). 

Flame a tomic a bsorption s pectrometry ( FAAS) w ith a  de uterium l amp ba ckground c orrector or  

intermittently w ith a  Zeeman e ffect ba ckground c orrector (Filho et a l. 2007) i s qui te of ten us ed f or 

selective determinations of different major (Ca, K, Mg, Na), minor (Cu, Fe, Mn, Zn) and trace (Cd, Co, 

Cr, Ni, Pb) elements of coffee (Krivan et al. 1993; Onianwa et al. 1999; Anthemidis and Pliatsika 2005; 

Filho et al. 2007; Grembecka et al. 2007; dos Santos et al. 2009, 2010; Ashu and Chandravanshi 2011). 

High-resolution c ontinuum s ource f lame a tomic a bsorption s pectrometry (HRCS- FAAS) can  al so b e 

used for this purpose (Ca, Fe, K, Mg, Mn, and Na) (Oliveira et al. 2012). Concentrations of K and Na 

are often measured by flame atomic emission spectrometry (FAES) using separate photometers (Filho et 

al. 2007)  or  t he s ame i nstruments a s f or F AAS but  w orking i n t he e mission m ode ( Ashu a nd 

Chandravanshi 2011).  

Unfortunately, FAAS is recognized to be not sensitive enough to quantify some important trace elements 

(Grembecka et al. 2007). The latter elements are preferred to be determined using inductively coupled 

plasma optical emission spectrometry ( ICP-OES), i .e., Cd, Cr, Ni, and Pb, (dos Santos et al. 2010) or  

differential pulse anodic s tripping voltammetry (DP-ASV), i .e., Pb, Cd, and Cu (Suseela e t a l. 2001) . 

Samples of green, roasted, or instant coffees require being appropriately prepared before measurements 

by the digestion and the mineralization of their organic matrix. The calibration of FAAS is commonly 

carried out using simple standard solutions (Onianwa et al. 1999; Suseela et al. 2001; Anthemidis and 

Pliatsika 2005;  F ilho e t a l. 2007;  G rembecka e t a l. 2007;  dos  S antos et a l. 2009, 2010;  A shu a nd 

Chandravanshi 2011;  O l i veira e t al . 2012) . E xceptionally, i n case o f measurements o f K  an d N a, a 

solution of CsCl3 can be added to standards and samples as an ionization buffer (chemical suppressor) 
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(Grembecka et al. 2007; Oliveira et al. 2012). In a similar way, La salts, i.e., solid La(NO3)3 (Ashu and 

Chandravanshi 2011) or a solution of LaCl3 (Grembecka et al. 2007), are added to standard and sample 

solutions to prevent chemical interferences in the quantification of Ca and Mg  

Electrothermal atomic absorption spectrometry (ETAAS) with the deuterium background (Oleszczuk et 

al. 2007)  or  Z eeman correction ( Krivan e t a l. 1993;  M agalhaes e t a l. 19 99; A nthemidis a nd P liatsika 

2005) i s l ess f requently us ed. H igh-resolution c ontinuum s ource g raphite f urnace a tomic a bsorption 

spectrometry (HR-CS-GFAAS) can alternatively be applied (Oliveira et al. 2012). Both aforementioned 

techniques are primarily used to determine trace and minor elements of coffee, i.e., Al, Co, Cr, Cu, Fe, 

Ni, Mn, and Sr. Similarly as for FAAS, samples of coffee to be analyzed have to be digested and this 

results in releasing elements into solutions in the form of simple ions (Magalhaes et al. 1999; Oliveira et 

al. 2012). Interesting approaches to measurements of elements by means of ETAAS without the initial 

digestion of samples have also been reported and rely on the direct analysis of solid samples (Oleszczuk 

et al. 2007) or their slurries (Magalhaes et al. 1999). As compared to the analysis of solutions of digested 

samples, the latter methods certainly offer a very high sensitivity for trace elements due to the absence 

of any sample dilution as well a minimum risk of the contamination (lower blanks) or losses of elements 

due to reduced amounts of reagents used for the preparation of samples. 

ICP-OES is very often applied in the elemental analysis of coffee samples. It is especially attractive and 

helpful in determinations of a number of elements, including major (Ca, K, Mg, Na, P, S), minor (Al, B, 

Co, Cu, Fe, Mn, Sn, Zn) and trace elements (As, Ba, Cd, Cr, Ni, Pb, Sb, Se, Si, Sr) (dos Santos and de 

Oliveira 1997, 2001;  Martin e t a l. 1996, 1998a ,1999; Jaganyi e t a l. 1999;  Jaganyi and Madlala 2000; 

Anderson and Smith 2002; Ribeiro et al. 2003; Anthemidis and Pliatsika 2005; Fernandes et al. 2005; 

Oleszczuk et al. 2007; Bertrand et al. 2008; Santos et al. 2008; Castro et al. 2009; Frankova et al. 2009; 

Tezotto et al. 2012). Lower detection limits, higher sensitivities, wider linear dynamic ranges, and faster 

measurements a re ad ditional ad vantages o f ICP-OES ove r ot her a tomic s pectrometry m ethods, i .e., 

FAAS a nd E TAAS, c ommonly us ed i n m ulti-element an alyses o f co ffee ( dos S antos an d d e O liveira 
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1997). Samples are digested prior to the determination of elements by ICP-OES as well, however, a flow 

injection ( FI) s ystem f or a n o n-line s ample s lurry f ormation of s olid s amples ( 5–50 m g) w ithout a  

decomposition step has been proposed to improve the analysis and shorten its duration (Anthemidis and 

Pliatsika 2005).  

Other spectrometric methods, including inductively coupled plasma mass spectrometry (ICP-MS), direct 

current p lasma o ptical em ission s pectrometry ( DCP-OES) o r to tal reflection X -ray f luorescence 

spectrometry ( TXRFS), ar e much rarely u sed f or the an alysis of coffee. I CP-MS h as b een u sed t o 

determine some selected elements (Cd, Cr, Cu, Mn, Ni, Pb, U, Zn) in coffee samples after their brewing 

and the later mineralization of infusions prepared (Santos et al. 2004). DCP-OES has been applied for 

the determination of Al in samples of coffee and their infusions (Rajwanshi et al. 1997).   

In general, the chemical composition of roasted and ground coffee is mostly and closely related to the 

growing origin of coffee beans, a factor primarily associated with soil conditions, the coffee variety, and 

the cultivation method of coffee plants (Jaganyi and Madlala 2000; Anderson and Smith 2002; Filho et 

al. 2007; dos Santos et al. 2010; Ashu and Chandravanshi 2011). Procedures included in the processing 

of green and roasted coffee beans or even brewing methods used for ground coffee are also important 

(Jaganyi and Madlala 2000; Grembecka et al. 2007). Differences in levels of macro- and micronutrients 

found i n g reen an d r oasted ar abica co ffees a re m arked and r oasted co ffees h ave u sually higher 

concentrations of K, Na, Ca, Mg and Fe as compared to unprocessed coffee of that variety (Filho et al. 

2007). Although the chemical composition of arabica and robusta coffees is similar, it seems that one of 

the b est cr iterions t o d ifferentiate t hem i s t he el emental co mposition, b ecause el ements i n t he co ffee 

commodity are s table w hile differences i n t heir c oncentrations a re more di stinctive t han t hose 

established for various organic substances (Krivan et al. 1993; Martin et al. 1998a, 1999; Grembecka et 

al. 2007). the concentration of major and minor elements is quite varied and this is associated with a vast 

influence of the origin (especially the type of soil where coffee plants are cultivated), the variety and the 

type of  coffee, pr ocesses i nvolved i n t he pr oduction of  n atural o r s oluble c offees a nd m eans of t he 
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confection and the storage of coffee (dos Santos and de Oliveira 2001; Vega-Carrillo et al. 2002; Zaidi 

et al. 2006; Grembecka et al. 2007; dos Santos et al. 2010; Ashu and Chandravanshi 2011). 

2.8 Discrimination of Coffee 

Elements are only about 5 % of the total weight of coffee but they seem to be very good indicators of its 

origin a nd v ariety, t he type of  s oil on w hich coffee pl ants a re c ultivated a nd e nvironmental a nd 

agricultural growing conditions, especially the farming method used (Anderson and Smith 2002; Szefer 

2007; Bertrand e t a l. 2008; Gonzalvez e t a l. 2009; dos  Santos e t a l. 2010). P rincipally, the content of  

various e lements i n c offee pl ants ha s a  s trong correlation w ith t he growing environment, which i s 

strictly associated with the soil characteristics (the content of lime, the presence of the organic material, 

the soil pH, the drainage status of the soil) and the influence of weather conditions (Krivan et al. 1993; 

Anderson and Smith 2002; Bertrand et al. 2008). Hence, the elemental composition of coffee beans and 

certain coffee products coming from specific places and regions are very distinctive (Krivan et al. 1993; 

Gonzalvez et al. 2009; dos Santos et al. 2010). 

Since it is  recognized that Arabica are coffees of the highest quality, undisputable methods enabling to 

distinguish coffees of different origin and variety within a country area are very important (Martin et al. 

1998a, b, 1999;  Bertrand e t a l. 2008 ). T he s tatistical a nalysis of  t he d ata r epresenting t he e lemental 

composition i s a  ve ry powerful a pproach t o s uch qua lity control a nd a ssessment of  t he c offee 

genuineness (Martin e t a l. 1998a, b, 1999;  Bertrand e t a l. 2008) . Treating analyzed coffee samples as 

objects a nd c oncentrations of  e lements de termined i n t hese s amples a s va riables, i t i s pos sible t o 

establish in dividual e lemental p atterns w ithin th ese o bjects a nd c lassify th em a ccording to  th e 

geographical or igin, t he va riety o r t he t ype of  coffee b y m eans o f di fferent chemometric t echniques 

(Martin et al. 1998a, b, 1999; Fernandes et al. 2005; Szefer 2007). 

Major and minor elements that are convenient for the efficient discrimination between green and roasted 

coffees are Ca, Cu, Fe, K, Mg, and Na (Filho et al. 2007). Different types of solid coffees, i.e., ground 
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and i nstant, A rabica a nd R obusta, and t heir i nfusions c an s uccessfully be  di fferentiated using 

concentrations of Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, and Zn (Grembecka et al. 2007). 

Unfortunately, the correlation between the content of elements in coffee samples and their geographical 

origin is sometimes problematic (Fernandes et  al . 2005). This is because a lot of coffees marketed are 

blends of coffees from different regions. It is recognized, that the effect of the location and the origin of 

coffee is usually significant for the content of B, Ca, Cu, Mg, Mn, P, and Zn, revealing the potential of 

the elemental analysis for the discrimination of territories within a given country and the reflection of 

both climatic and soil diversities (Bertrand et al. 2008). 

In addition, when processing the data with different statistical tools for the purpose of the classification 

of coffee samples, it should be considered that several factors may affect the elemental composition of 

coffee beans and the quality of roasted and/or ground coffees (Vega-Carrillo et al. 2002; Tagliaferro et 

al. 2007; dos Santos et al. 2010; Tezotto et al. 2012). Since the coffee cultivation requires fertilizers as a 

valuable source of macro- (K, N, P, and S) and micronutrients (B, Cu, Fe, Mn and Zn) for the proper 

growth of coffee plants, inorganic fertilizers (mainly phosphates) and organic residues (pulps or husks 

from the coffee processing) may result in the contamination of the crop soil with trace elements and their 

accumulation (Tagliaferro et al. 2007; dos Santos et al. 2010). Taken up by coffee plants, these elements 

can r each coffee be ans a nd c ontaminate t he f inal pr oduct ( Tagliaferro e t a l. 2007;  dos  S antos et a l. 

2010). 

Commercial fertilizers used in  traditional and technological p lantations of  coffee usually possess very 

high concentrations of some toxic elements (Al, Cd, Cr, Ni, and Pb) and micronutrients (Cu, Mn, Na, 

and Zn) that can be taken up b y coffee plants (dos Santos et al. 2009, 20 10). Organic manures used in 

organic coffee farms, although do not contain Cd and Pb, commonly contain relatively high amounts of 

Cu, Cr, and Zn and significant amounts of Mn and Ni (dos Santos et al. 2009, 2010). The application of 

these fertilizers usually results in an increase in the content of aforementioned elements in the crop soil. 

In a consequence, cultivated coffee plants and beans may contain higher levels of Al, Cd, Cu, Na, and 
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Zu ( Fernandes e t a l. 200 5; dos  Santos e t a l. 2009, 2010) . D ifferences i n t he upt ake of  e lements from 

naturally fertilized s oils a nd th ose f ertilized w ith d ifferent in organic a gricultural c hemicals a re 

significant a nd c ommonly r eflected b y t he e lemental c omposition of  c offee b eans ( dos S antos e t a l. 

2010). Accordingly, strong correlations between concentrations of Ca, Cd, Cr, Cu, Mg, Fe, Mn, Ni, Pb, 

and Zn in organic residues used as fertilizers and amounts of these elements in organic coffee beans are 

reported (dos Santos et al. 2009, 2010). 

In ou r s tudy, as i t c an be r eferred f rom s ection 4.2 w e ha ve compared t he r esults of  our  s tudy w ith 

couple of previous works and found it in good agreements.   
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3 

Experimental methods for coffee 

3.1 Descriptions of Coffee Varieties Studied 

In this section we will briefly give the descriptions of the coffee samples studied in our researches. 

Seven Ethiopian export quality coffee and their ten mixtures are analyzed by using LIBS technique. The 

names of the samples are shown in the table 3.1 below 

No  Nomenclature Types of Coffee 

Sample 1  (1S1, 1S2, 1S3) UNWASHED HARAR  

Sample 2  (2S1, 2S2, 2S3) UNWASHED LEKEMTE  

Sample 3  (3S1, 3S2, 3S3) WASHED LIMU  

Sample 4  (4S1, 4S2, 4S3) HARAR BLEND  

Sample 5  (5S1, 5S2, 5S3) WASHED SIDAMA  

Sample 6  (6S1, 6S2, 6S3) UNWASHED SIDAMA  

Sample 7  (7S1, 7S2, 7S3) WASHED YIRGACHEFE  

Example of mixtures (75S1, 75S2, 75S3) Mixture of sample 5 and sample 7  

Table 3.1: The different samples studied with the chosen nomenclature 

Harar Coffee  

The region of Harar is found in eastern part of Ethiopia. Practically all coffee from Harrar is sun-dried 

natural. There are several heirloom varietals that grow specifically in this region, that interact well with 

the altitude, climate, and soil type to produce a very unique flavor profiles. Quality Harrar coffees are 
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notable for a f ruity characteristic and a creamy body. The finest Harrar coffees have a distinct note of 

blueberry, though many other fruity and fruit-like aromatic flavors can occur. 

Harrar coffee is exported all over the world, but there is a particular demand for it in Saudi Arabia. This 

constant demand tends to keep the price for commercial grade Harrar coffee slightly higher than most 

other Ethiopian coffee regions. 

Harrar co ffee — all o f which i s unw ashed — is av ailable i n s pecialty grade an d commercial grade. 

Commercial grade coffees are given a grade between 3 and 9, and are designated geographically by the 

letters A, B, C, and D. Remember, the letters do not represent grades, only geographical categories.   

Sidama Coffee   

The region of Sidama is in southern Ethiopia. Sidama features an extraordinarily wide variety of coffee flavors. 

Many different grades of both washed and unwashed coffees are produced, and there can be striking differences 

from town to town. Varying soil types, micro climates, and especially the countless heirloom coffee tree varietals 

make f or a k aleidoscope o f d ifferent f lavors. I t i s d ifficult t o m ake an y si ngle d escription o f S idama co ffees, 

without immediately encountering another coffee that fits a co mpletely different profile. The strength of Sidama 

coffee lies in its variety.  

One f eature o f excellent S idama co ffee i s o ften a p rofound complexity. This d erives f rom t he m any 

different heirloom varietals. Many different farmers and pickers, each with a v ery small patch of land, 

often with their own unique varietals, will pool their coffees at a cooperative. The resulting “blend” is a 

unique expression of the complexity of the horticulture in the surrounding area. 

 High grade unwashed Sidama coffees are known for their intense fruity characteristics, while being of 

somewhat l ighter body t han u nwashed H arrar co ffees, f or ex ample. Another s triking characteristic o f 

Sidama coffees is that even the washed coffees often retain a salient fruity characteristic, while having 

much more clarity and brightness than their unwashed counterparts.  Excellent coffees of many different 

profiles c an be  f ound i n a ll c orners of  S idama. S idama c offees a re given t hree tags: a g rade, a 

geographical l etter de signation, a nd de signation as  w ashed or  unw ashed
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Yirgacheffe Coffee  

Yirgacheffe is  a  s mall mic ro-region w ithin t he m uch l arger r egion of  S idama. H owever, 

Yirgacheffe coffees are so distinct and so well-recognized internationally that they are grouped 

into their own special category. Top grade Yirgacheffe coffees share many characteristics with 

the best S idama coffees. F ruit f lavors, a  br ight a cidity, and a  s ilky mouth feel a re some of  i ts 

hallmarks. Yirgacheffe produces both washed and unwashed coffees. While it originally became 

famous mostly for its washed coffees, recent years have seen the export of some highly sought 

after top-rate unwashed coffees as well. 

Top grade washed coffees from Yirgacheffe are renowned for bright citrus acidity, often with a  

lemony ch aracter, w ith ex cellent s weetness. T he o ther h allmarks o f t he co ffee ar e a l ight, 

herbaceous qu ality t hat compliments t he f ruit flavors w ell, f or a  c omplex a nd f lavorful c offee. 

The best unwashed coffees from Yirgacheffe often retain a high degree of acidity, with softer fruit 

flavors and sometimes berry characteristics. 

Limu coffee 

It grows i n t he s outhwest of  E thiopia be tween 3,600 a nd 6,200 feet. Limu c offee ( all w ashed) 

generally has a milder acidity than Sidama and Yirgacheffe; the flavor is generally characterized 

by a b alanced and clean cup. Traditionally, Limu coffees marketed under the name washed; the 

unwashed Limu coffees have normally been offered under the Jimma category.   

Lekemte Coffee   

Lekempti is  a region located within the state of Wellega in western Ethiopia. Coffee processing 

styles in Wellega have traditionally been sun-dried natural. The coffee is known for its large bean 

size, and the flavor can have a pronounced perfume-like aftertaste (Willem J. Boot; 2011).  
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3.2 Samples preparation of coffee   

The seven roasted co ffee s amples b ought from Ethiopian c offee a uthority grounded b y us ing 

grinding machine with grain size ∼20 μm. About 300 mg (fig 3.1) of each sample were pelletized 

using a hydraulic press with a pressure around 2 tons/cm2 to produce an intermediate thick pellet 

samples. Ten mixtures of samples were also prepared by mixing 150mg of each sample. For each 

sample three pellets were prepared to check the repeatability of the experiments. The preparation 

of t he p owders i nto p ellets w as n ecessary t o h ave b etter ab lation efficiency an d h igher 

repeatability of LIBS measurements. 

 

Figuer 3.1 Pellates of coffee above after analysis and lower before analysis 

 

3.3 Experimental set up 

The experimental setup consists mainly of  a laser source and a system for the detection of  the 

radiation emitted by the plasma, interfaced with a PC. In the experimental configuration (shown 

in figure 3.3) we use a standard Nd:YAG laser (Brilliant, Quantel) to generate the plasma. It was 

running in its second harmonic at 532 nm, at a repetition rate of 2 Hz. Individual laser pulses had 

a pul se l ength of  4  ns. The pul se e nergy us ed was 30  mJ. A  mir ror is  u sed to  d irect th e la ser 

beam onto the target surface. It i s inclined at  an angle of  45° t o the direction of  incident laser 
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beam. T he l aser l ight w as f ocused b y a l ens of 10  cm focal length. T he di stance be tween t he 

plasma pl ume a nd t he e ntrance s lit of  t he m onochromator (a J obinYvon T HR 1500  

monochromator equipped with a 1200 grooves mm-1 grating and resolution of 0.0015 nm ) was 

40 cm. T he s ample p ellet w as mo ved d uring th e s pectral a ccumulation i n s uch w ay t hat e ach 

laser shot had a f resh sample surface. Light f rom the plasma was collected by a l ens of 10 cm 

focal l ength p laced at t he s ame d istance f rom t he p lasma p lume a nd th e e ntrance s lit o f th e 

monochromator, und er t his c ondition t he i mage magnification w as 1: 1. An ICCD ( Intensified 

Charge Coupled Device) detector (Andor Technology, model DH520- 25F-03) was employed for 

spectral acquisition. Synchronization between the laser and the ICCD de tector was ensured b y 

microcomputer ( Lab P C) vi a a  pul se de lay generator ( Model D G 5 35, S tanford R esearch 

Systems, I nc). The d etection s ystem of fered a  s pectral r ange b etween 2 00 a nd 800 nm . The 

microcomputer w as equipped w ith s oftware f or da ta a cquisition a nd plotting s pectra. T he 

selected spectrum was processed by averaging the signal over twenty successive laser shots. Due 

to this, we had a good signal-to-noise ratio. Then it was verified that the plasma was reproducible 

by recording the same average spectrum several times. The spectra were recorded with a delay of 

1 µs after the laser pulse and a g ate width of 10 µs. The delay time is important because as we 

have mentioned previously, at the earliest time, the plasma light is dominated by a “white light” 

continuum that has little intensity variation as a function of wavelength. This light is caused by 

bremsstrahlung a nd recombination radiation f rom t he pl asma a s f ree e lectrons a nd i ons 

recombine in the cooling plasma. If the plasma light is integrated over the entire emission time of 

the plasma, this continuum light can seriously interfere with the detection of weaker emissions 

from minor and t race elements in the plasma. For this reason, LIBS measurements are usually 

carried out using time-resolved detection. In this way the strong white light at early times can be 
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removed from the measurements by turning the detector on after this white light has significantly 

subsided in  in tensity b ut a tomic emissions a re s till p resent. The gate w idth is  the time  p eriod 

over which the light is recorded as shown in Figure 1.4a. 

 

 

Figure 3.3: Schematic LIBS set up used at the LSAMA laboratory 
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Figure 3.4: LIBS set up used at the LSAMA laboratory 
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4 

Results and discussions of coffee 

4.1 Elemental variations of coffee samples in terms of integrated intensity of emission lines 

The LIBS spectrum of coffee samples were collected in wavelength range 200-800 nm in air 

atmosphere. Spectra acquired by LIBS are processed using Igor software. We have displayed 

part of the spectra in figure 4.1. 

 

(a) 

(b)  
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(c)  

(d)  

Figure 4.1: (a)-(d) LIBS spectra of coffee  

The variations in term of relative intensity of the emission lines of some elements in our coffee 

samples ar e gathered and s hown i n f igure 4 .2 using hi stogram. From t he hi stogram w e can 

observe that in our coffee samples the amount of magnesium, calcium and potassium is relatively 

higher than the amount of copper, a luminum and sodium. Moreover in our coffee samples we 

have identified zinc, manganese and iron but in small amount.  
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Figure 4.2: Elemental variations in terms of integrated intensity of emission lines. 

A couple of researches have done elemental analysis of Ethiopian coffee. The first was done by 

Frezer K assa and A .V.Gholap ( Frezer K assa 2 013).On t heir w ork t hey analyzed f our Ethiopian 

coffee samples (Washed Lekempti, Washed Yirgacheffe, Washed Sidama and Unwashed Harar) 

to find the concentrations of five elements (K, Mg, Ca, P and S). The second was done by Abera 

Gure, B. S . C handravanshi a nd T addese W ondimu (AberaGure 2006). They an alyzed five 

Ethiopian c offee s amples f rom Wollega, S idamo, B ench M aji, H arar an d Kafa t o find the 

Concentrations of metals; (Ca, Cd, Cr, Co, Cu, Fe, K, Mg, Mn, Ni, Pb and Zn) by flame atomic 

absorption spectrometer FAAS technique (table 4 .1). In both cases the results they have got in 

terms of  t he va riation o f t he a mounts of  e lements a re s imilar t o w hat w e ha ve f ound i n our  

researches. 
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Table 4.1: Concentration of elements in coffee analyzed by FASS technique. 

Elements 
in coffee  

Wolga coffee  
mg/g 

Sidama coffee  
      mg/g  

Harrar coffee  
mg/g  

Ca  0.90 ± 0.01 0.880 ± 0.01  0.71± 0.05 

K  14.5 ± 0.30  14.1 ± 0.70  13.9 ± 0.90  

Mg  1.67 ± 0.02  1.67 ± 0.02  1.67 ± 0.03  

   

Normalization of the emission spectra to  the most intense emission l ine deletes the differences 

between spectra due  to di fferent amounts of  sample or  pa thlength variation (J.A. Mike, 1995) . 

Part o f the d ata t able and data nor malized b y c arbon l ine (CI-2428 nm ) of th e in tegrated 

intensities are displayed in table 4.2 and table 4.3 respectively. 
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Table 4.2: part of data table of the emission lines of elements in coffe 

Samples 
'Cu I 
2130' 

'Cu I 
2140' 'C I 2478' 

'Mg II 
2790' 

'Mg II 
2795' 

'Mg II 
2797' 

'Mg 
II2802' 

'Mg I 
2852' 

'Al 
I3082' 

1S1 6291 4571 371200 52842 812842 99642 631381 384000 3079 
1S2 6271 4555 371100 52672 812600 99425 619880 387280 3110 
1S3 6250 4590 371300 52672 812710 99425 619880 387280 3093 
2S1 3713 2410 216751 29458 498110 56369 362635 273458 1721 
2S2 3632 2390 216730 29431 498036 56331 362601 273440 1706 
2S3 3674 2402 216721 29449 498080 56357 362620 273421 1692 
3S1 4798 3216 267061 22390 461000 40962 342000 318064 1301 
3S2 4809 3221 267000 22378 461000 40950 341988 318000 1290 
3S3 4815 3227 266982 22401 461060 40971 342030 317984 1309 
4S1 4945 3239 340121 61146 782104 122000 593121 194109 884 
4S2 5041 3262 339889 61204 781901 122106 593000 194000 812 
4S3 4980 3262 340000 61069 782000 121923 592985 193978 830 
5S1 6384 4518 313894 72501 842141 127112 620142 278000 1667 
5S2 6368 4489 314000 72605 841856 126889 619886 278128 1623 
5S3 6398 4534 314123 72552 842000 127000 620000 277869 1645 
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Table 4.3: part of normalized data table by carbon line (CI-2428 nm) of the emission lines of 

                 elements in coffee. 

sample 'Cu I 2130' 'Cu I 2140' 'Mg II 2790' 'Mg II 2795' 'Mg II 2797' 'Mg II2802' 'Mg I 2852' 

1S1 0.016947737 0.012314116 0.142354526 2.189768319 0.268432112 1.700918642 1.034482759 
1S2 0.01689841 0.01227432 0.141934788 2.189706279 0.267919698 1.670385341 1.043600108 
1S3 0.01683275 0.012361971 0.141858336 2.188823054 0.267775384 1.669485591 1.043037975 
2S1 0.017130255 0.011118749 0.135907101 2.298074749 0.260063391 1.673048798 1.261622784 
2S2 0.016758178 0.011027546 0.13579569 2.297955982 0.259913256 1.67305403 1.261661976 
2S3 0.016952672 0.011083374 0.135884386 2.298254438 0.26004402 1.673211179 1.2616267 
3S1 0.017965933 0.012042193 0.083838524 1.726197386 0.153380688 1.280606303 1.19097884 
3S2 0.018011236 0.01206367 0.083812734 1.72659176 0.153370787 1.280853933 1.191011236 
3S3 0.018034924 0.012086957 0.083904533 1.726932902 0.153459784 1.281097602 1.191031605 
4S1 0.014538943 0.009523081 0.179777197 2.299487535 0.358695876 1.743852923 0.570705719 
4S2 0.014831313 0.009597251 0.180070552 2.300459856 0.35925258 1.744687236 0.570774576 
4S3 0.014647059 0.009594118 0.179614706 2.3 0.358597059 1.744073529 0.570523529 
5S1 0.020338076 0.014393394 0.230972876 2.682883394 0.40495199 1.975641459 0.885649296 
5S2 0.020280255 0.014296178 0.231226115 2.681070064 0.404105096 1.974159236 0.885757962 
5S3 0.020367818 0.014433836 0.230966851 2.680478666 0.404300226 1.973749136 0.884586611 
 

4.3 Characterizations of coffee samples 

4.3.1 Steps for using PCA 

In PCA we arrange data in a matrix, for example, with samples arranged as a row and the 
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spectra of the elements arranged as columns from which we will find the covariance matrix. 

Covariance p rovides a m easure o f t he s trength of t he co rrelation between two or  more sets of  

random variables. A large (small) value indicates high (low) redundancy. It captures the 

correlations between all possible pairs of measurements. The correlation values reflect the 

noise and redundancy in our measurements. The diagonal terms, by assumption, large (small) 

values correspond to interesting dynamics (or noise).The off-diagonal terms large (small) 

values correspond to high (low) redundancy. The eigenvectors and eigenvalues of the  

covariance matrix provide us with information about the patterns in the data. By this process of 

taking the eigenvectors of the covariance matrix, we have been able to extract the most 

important lines that characterize the sample. The eigenvector with the highest eigenvalue is  

the first principal component of the data set. We can decide to ignore the components of 

lesser significance, without losing much information of the original data. Here is where the 

notion of data compression and reduced dimensionality comes into PCA. Finally we project the 

input da ta ont o t he m ain pr incipal c omponents, w hich f orms t he r epresentation of  our  da ta 

(Parinya Sanguansat 2012). 

The preprocessed data matrix was subjected to PCA in R package in order to have an overview 

of e xisting t rends a nd discover t he m ain pr operty v ariations i n t he d ata. F irst w e tried to  

characterizes our samples by using forty nine atomic and ionic lines of Zn,Cu,Mg,Al,Ca, K, Mn 

and Na as shown in the figure 4.3.   
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Figure 4.3: characterization of pure coffee samples by using 49 atomic and ionic emission lines 

   

Then b y obs erving t he variable factor m ap shown i n f igure 4 .4 we h ave s elected f our l ines 

(Ca I-4226Å, Ca I-3158Å,Mg I-2797Å a nd Mg I-3832Å) t o c haracterize bot h pur e a nd m ixed 

coffee  samples as  well a s onl y t he pu re co ffee s amples i n t he f igure 4 .5 a nd figure 4 .6 

respectively. Finally we have optimized our characterization of coffee samples by choosing only 

two lines (Ca I- 4226Å and Mg I-2797Å) as indicated in figure 4.7. 
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                                         Figure 4.4: variable factor map 

 

Figure 4.5: characterization of both pure and mixed coffee samples by using only 4 emission      

                    lines.  
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  Figure 4.6: characterization of both pure coffee samples by using only 4 emission lines.   

           

Figure 4.7: Characterizations of pure coffee samples by using two lines only 

 

The s cores pl ots s how t he c oordinates of  t he s pectra i n t he pl ane of  t he t wo f irst pr incipal   

components ( PCs), i .e. PC1 ( 70.53%) a nd P C 2  ( 13.89%) w hich c ontains 84.42%  of  t he t otal 
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variance spectral information. The samples belonging to the same geographical or igins tend to 

cluster together and in a lmost al l cases are separated f rom the o ther cl asses. In the score plots 

coffee s amples f rom s outhern r egion of  Ethiopia: w ashed S idama ( 5S1, 5S 2, 5S 3), unw ashed 

Sidama ( 6S1, 6S 2, 6S 3) a nd w ashed Y irgachefe ( 7S1, 7S 2, 7 S3) c lustered t ogether. C offee 

samples f rom eastern r egions of  Ethiopia: unw ashed H arar ( 1S1, 1S 2, 1S3) a nd H arar bl end 

(4S1, 4S 2, 4 S3) c lustered t ogether a nd a lso c offee s amples f rom w estern r egion of  E thiopia:  

washed L ekemte (2S1, 2S 2, 2S3) unw ashed Limu ( 3S1, 3S 2, 3S 3) c lustered t ogether. As we  

mentioned earlier that the quality of Ethiopian coffee is determined by two main factors namely 

the geographic origin and the post harvest processing. The content of elements in coffee seems to 

be a good indicator of the coffee authenticity. It can bring the useful information about individual 

elemental patterns that are distinctive to the origin of growing soils for coffee plants in addition 

to c ultivation a nd e nvironmental c onditions us ed. This is cl early confirmed f rom t he results 

obtained in th is s tudy. T he r esults clearly i ndicate t hat E thiopian c offee s amples c an b e 

differentiated by using only calcium and magnesium lines.  Moreover the clustering of the three 

pellets for each sample at the same point shows the repeatability of our experiments. 

4.4 Inspection of adulteration of coffee. 

Discrimination o f c offee s amples f rom th eir mixtures is  imp ortant f or e nsuring r easonable 

competition and as a means of protecting consumers against deception due to mislabeling. Due 

to t his t here i s a d emand t o h ave a f ast an d r eliable m eans o f m easurement al lowing 

discrimination of  c offee s amples. In ou r r esearches we h ave poi nted out  t hat LIBS w ith 

appropriate multivariate chemometric method serve the desired purpose. In the figure 4.8, figure 

4.9 and figure 4.10 we have displayed the PCA results of sample 3, sample 6 and sample 4with 

their mixtures respectively. 
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Figure 4.8: discrimination of sample 3 from its mixtures 

 

 

Figure 4.9: discrimination of sample 6 from its mixtures 
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Figure 4.10: discrimination of sample 4 from its mixtures 

 

As we see from PCA score plots in almost all cases the pure samples are separated from the 

mixtures. According to these results, we can build, based on the elemental emission lines, a fast 

and efficient technique to detect adulteration of coffee. 
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5 

Herbal medicines 

5.1 Introduction 

In t his c hapter w e w ill di scuss a bout the ov erview of m edicinal pl ants i n E thiopia, c urrent s tatus of  

medicinal plants in Ethiopia, quality of herbal medicines and elemental analysis of herbal medicines. 

Since ancient times humanity has depended on the diversity of plant resources for food, clothing, 

shelter, and traditional medicine to cure myriads of ailments. Traditional medicine evolved over 

centuries, depending on local flora, culture, and religion. Indeed, well into the twentieth century, 

much o f t he p harmacopeia o f s cientific m edicine w as d erived from t he he rbal l ore of  n ative 

people. This knowledge of plant-based drugs developed gradually and was passed on, thus laying 

the foundation for many systems of traditional medicine all over the world(Cassileth 1998; Lans 

2001; Cragg 2001).  Herbal medicine can broadly be classified into a few basic systems: 

1. Ayurvedic herbalism (derived from the Sanskrit word ayurveda, meaning “the 

            science of life”), which originated in India more than 5000 years ago and was also 

            practiced in neighboring countries such as Sri Lanka. 

2. Chinese herbalism, which is a part of traditional oriental medicine. 

3. African herbalism. 

4. Western herbalism, which originated from Greece and Rome and then spread to 

            Europe and North and South America. 

Chinese and Ayurvedic herbalism have developed into highly sophisticated systems of diagnosis 

and t reatment ove r t he centuries. Both ha ve a  long a nd i mpressive hi story o f e ffectiveness. 

Western herbalism today is primarily a system of folk medicine. A European healing tradition, 

sometimes called the “wise woman” also focuses primarily on herbal healing. 
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Medicinal pl ants ha ve pl ayed a  ke y r ole i n w orld he alth. T hey a re di stributed w orldwide, but  

they a re m ost a bundant i n t ropical c ountries. It i s e stimated that a bout 25%  of  a ll m odern 

medicines are directly or indirectly derived from higher plants (Ackerknecht 1973; Majno 1975; 

Farnsworth 1976;  D uke 1994;  D e S met 1995;  C ragg 1997;  S hu 1998, Liu 2001;  W HO1979-

2005). 

By definition, a herb is a plant or a part of a plant valued for its medicinal, aromatic, or savory 

qualities. H erbs can b e viewed a s bi osynthetic chemical l aboratories, p roducing a  num ber of  

chemical compounds. Herbal medicine or  h erbalism i s t he use of  he rbs or he rbal products for 

their t herapeutic o r m edicinal v alue. T hey are al so r eferred t o as  b otanicals, b iomedicines, o r 

herbal supplements. Herbal drugs range  pa rts of plants to isolated, purified active constituents. 

They m ay c ome f rom a ny pa rt of  t he pl ant but  a re m ost c ommonly m ade f rom l eaves, r oots, 

bark, seeds, a nd f lowers. T hey a re eaten, s wallowed, dr unk, i nhaled, or a pplied t o t he s kin 

(Akerele 1993).  

Due to pov erty and l imited access t o modern m edicine, about four bi llion people, 80% o f t he 

world’s population, living in developing countries use herbal medicine as their source of primary 

health c are (Bisset, 1994; F arnsworth, 1985; M ukherjee, 2002; B odeker, 2005). In t hese 

communities, traditional medical practice is often viewed as an integral part of their culture. In 

comparison with modern medicine, herbal medicines cost less and are more often used to t reat 

chronic diseases 

In the West, people are attracted to herbal therapies for many reasons, the most important reason 

being th at, lik e th eir a ncestors, th ey b elieve i t w ill h elp th em liv e h ealthier liv es. H erbal 

medicines are often viewed as a balanced and moderate approach to healing. Individuals who use 

them as home remedies and over-the-counter drugs spend billions of dollars on herbal products. 
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As such, they represent a substantial proportion of  the global drug market (WHO 1990;  1999;  

2002; 2005; Akerele 1993; Bisset 1994; Pal 2003;  Farnsworth 1985;). 

5.2 Medicinal plants in Ethiopia 

5.2.1 Introduction 

The v arious lite rature a vailable s how th e s ignificant r ole o f me dicinal p lant in  p rimary h ealth 

care de livery i n E thiopia w here 70%  o f hum an a nd 90%  of  l ivestock population de pend on 

traditional medicine again similar to many developing countries particularly that of Sub-Saharan 

African countries. Those plants are part o f the economic commodity for some members of  the 

society w hich m ake t heir l ivelihood on t heir c ollection, t rade a nd m edicinal pr actices b y 

practitioners or healers. It thus has a substantial potential to make contributions to the economic 

growth and alleviation of poverty in the country. Its proper management protect environment and 

conserve bi odiversity. The t raditional he alth care i s de ep r ooted w ith or al a nd w ritten 

pharmacopoeias. Ethiopian plants have shown very effective contributions for some ailments of 

human a nd dom estic a nimals. S uch pl ants include Phytolacca dode ncadra (Aklilu L emma, 

1965), Many species of Maytenus studied by National Cancer Institute, USA see Kupchan et al. 

1972 and many species that show antimalarials (Nkunya, M. H. H., 1992). 

Medicinal plants and knowledge of their use provide a vital contribution to human and livestock 

health care needs throughout Ethiopia. The research made so far on E thiopian medicinal plants 

has been mostly of p roducing inventories and checklists, only very few have been touched b y 

modern research where their principal component has been analyzed and defined. 

The bul k of  t he pl ant matter us ed f or m edicinal pur poses i s c ollected f rom na tural ve getation 

stocks that are shrinking with degraded environment and to substantial reduction or dwindling of 

species of medicinal plants. According to Ensermu Kelbessa et al. (1992) and Edwards (2001), 



 

75 
 

habitat and species are being lost rapidly as  a  result o f the combined e ffects of  environmental 

degradation, a gricultural e xpansion, de forestation a nd ove r ha rvesting of s pecies a nd t his i s 

further e nhanced b y hu man a nd l ivestock popul ation i ncrease t hus ha stening t he ov erall r ural 

livelihood impoverishment and loss of the biological diversity and indigenous knowledge which 

is a lso of  g lobal c oncern s ince s ome of  t his a re e ndemic t o E thiopia. A f ull s cale pl an t o 

conserve, d evelop a nd effectively ut ilize t his resource ne eds i nvestment c ommitments b y 

government a gencies, t he pr ivate s ector, a nd various g lobal f oreign aids f or de velopment. 

However, be fore s uch i nvestments a nd s upport are r ealized, a  c lear i ndication of  t he r esource 

condition a nd i ts e conomic va lues m ust be  w orked out . T his ne eds a c ritical ove rview o f 

medicinal plants in Ethiopia, their demands, trade, and economic benefits. Such an overview has 

to come up with a formulation of the strength, weakness and opportunities in the medicinal plant 

sector to forward conclusions and recommendation. 

5.2.2 Overview of medicinal plants in Ethiopia 

Ethiopia is believed to be home for about 6,500 species of higher plants with approximately 12% 

endemism, and hence one of  the s ix plant biodiversity r ich countries o f Africa (UNEP, 1995) . 

The diversity is also considerable in the lower plants but exact estimate of these have to be made. 

The g enetic di versity c ontained i n t he va rious biotic m ake up i s a lso high t hus m aking t he 

country a critical diversity hot spot for plants.  

As one of  the 12
th

Vavilovian centers of  origin/ diversity for domesticated crops and their wild 

relatives, i t i s home of  many endemic c rops and genetic s tocks (Vavilov, 1951;  Harlan, 1969;  

Endashaw Bekele, 1978).  

Ethiopia has a significant portion of two of the world’s 25 biodiversity rich areas hot spot i.e. the 

eastern A fromontane B iodiversity H otspot a nd t he H orn of  Africa-Biodiversity H ot S pot 
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(Conservation International at www. biodiversityhotspots.org). These hotspots house a lot of the 

useful w ild bi odiversity, pa rticularly t hat of  m edicinal pl ants. T he bi odiversity r ichness of  

Ethiopia was known since 5000 years ago when ancient Egyptians Greeks and Romans used it as 

a source o f unique commodities l ike Frankincense, M yrrh and other pl ant products, which a re 

also used for medicine preparation (Thulin, 2004). 

Most Ethiopian traditional medicinal knowledge is kept in strict secrecy; however, it is dynamic 

in that the practitioners make every effort to widen their scope by reciprocal exchange of limited 

information w ith e ach o ther or  t hrough reading the t raditional pha rmacopeias ( Dawit A bebe, 

1986). Dawit Abebe (1986) gives three treatment features of Ethiopian traditional medicines i.e. 

curative, prophylactic and preventive. Sometimes, the treatment could have a curative as well as 

a prophylactic effect and it is occasionally claimed that the prophylaxis could even be genetically 

fixed and can protect the offspring. Preventive remedies are usually prepared as ornamental, to 

be bor ne b y t he pa tients a gainst e vil s pirits or  ps ychosomatic di sorders. O ther t herapies of  

preventive na ture a re employed against s nake b ites, in testinal w orms, a nd mis carriages. 

Regulatory drugs are a lso c ommonly us ed t o correct t he t ime and t he amount of  f low o f t he 

menstruation c ycle of  women. R ejuvinative a nd r estorative r emedies a re a lso e mployed t o 

counter the effect of aging, and to overcome impotence, malnutrition, infertility etc. Traditional 

medicine is an integral part of the local culture and is a major public health system; what we call 

modern medicine is an offshoot of traditional medicine. 

1000 i dentified m edicinal pl ant s pecies a re r eported i n t he E thiopian F lora, how ever, m any 

others a re not  yet i dentified. A bout 300 of  t hese s pecies a re f requently mentioned i n m any 

sources. (Jansen, 1981) a sserts t hat E thiopia ha s r ich m edicinal pl ant l ore a nd poi nts out  t hat 

almost a ll pl ants of  t he E thiopian f lora a re us ed s omewhere s omehow m edicinally. O ther 
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workers on t he other hand estimated about 60% of the flora to be medicinal, and most sources 

give about 10% of the vascular flora to be medicinal. The list cover plants that are widely used 

by the l ocal communities i n l owlands and highlands for t reating human ailments and some o f 

them for livestock ailments as well as for prevention of pests and vectors. 

Study on the Bale Mountains National Park in the South East Ethiopia revealed that the area, as 

much a s i t i s a bi odiversity hot spot, a lso t urned out  t o be  a  m edicinal p lant hot spot w ith 337 

identified me dicinal s pecies o f w hich 2 4 a re endemic ( National H erbarium, 2 004; E rmias 

Lulekal, 2005; Haile Yineger, 2005). The species comprised of 283 used as human medicine, 47 

used as livestock medicine and 76 species used for both human and livestock by the community 

healers, harvesters, traders and users. This work further suggested spots that could be considered 

medicinal plant micro - hotspots within the Bale Mountain area. 

Many s pecies o f E thiopian m edicinal p lants h ave a l ong h istory o f use as  r emedies. T he 

traditional me dicinal s ystems in  d ifferent p arts o f th e w orld h ave s ome d istinctive f eatures. 

Chinese tr aditional h erbal m edicine, t he Indian Ayurvedic m edicine, t he J apanese t raditional 

medicine system and the African system are recognized among others. The Ethiopian traditional 

medical s ystem is  ma inly a s ubcategory o f th e A frican tr aditional me dical s ystem w ith some 

influence from E gypt and Greece and has i ts ow n characteristic f eatures. E thiopian t raditional 

life is  painted with the hallmark of widespread use of traditional medicinal plants with various 

levels of sophistication within the indigenous medicinal lore. It is blended with religious thinking 

and various beliefs and need further investigation. The basic categories of practitioners also are 

difficult to define. 
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5.2.3 Current states of traditional medicines in Ethiopia 

Ethiopia ha s pol icies a nd s trategies t hat s upport t he de velopment a nd ut ilization of  pl ant 

resources i n a  s ustainable m anner. T he pol icies a re r eflected unde r v arious s ectors i ncluding 

environmental pr otection, de velopment of  t he na tural r esources a nd di versification of  t he 

domestic and export commodities. Medicinal plants fit in the development activities that support 

public efforts in meeting livelihood requirements. There are few institutions concerned with the 

medicinal plants and assisted through government budgetary support. The Ethiopian Health and 

Nutrition Institute receives annual budget of about ETB 1.1 million while a Department at IBC 

concerned with medicinal plant conservation gets ETB 100, 000 p er annum. The recent ongoing 

support m ade t hrough t he pr oject f unded b y t he W orld Bank na mely the c onservation a nd 

sustainable us e o f m edicinal pl ants pr oject ha s an a nnual bud get of  E TB 5.9 m illion pe r year 

during the project life. Such a support indicates the importance Ethiopia has given to the sector. 

The health sector strategy of Ethiopia declares that structural, functional traditional medicine into 

the official health care system is advantageous for improving the health coverage in the country. 

However s uitable in stitutional m echanisms a nd de tailed implementation s trategies a nd a ction 

(Ministry of Health, 1995) plans has to be put in place. 

5.3 Quality of Herbal Medicines 

Typically, there is no one single herb that is recommended for a given health disorder; and there 

is no one single health disorder linked with just one single herb. Herbal products often contain a 

variety o f b io-chemicals f ound na turally i n t he pl ants a nd many d ifferent b io-chemicals 

contribute t o a  pl ant’s m edicinal be nefit. C hemicals know n t o ha ve m edicinal be nefits a re 

referred to as “active ingredients,” and their presence depends on t he plant species, the way the 

herb i s pr epared, t he t ime a nd s eason o f ha rvest, t he t ype of  s oil, e tc. M ost he rbal pr oducts 
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contain p lant p arts o r p lant m aterials i n t he cr ude o r p rocessed s tate as  a ctive i ngredients an d 

certain recipients, such as solvents, diluents, or preservatives. In most cases, the active principles 

responsible f or t heir ph armacological action a re unknown. T he general p erception t hat he rbal 

drugs ar e v ery s afe and free f rom s ide effects i s not t rue. Herbs c an p roduce undesirable s ide 

effects and can be toxic.(Bisset 1994; Pal 2003).    

Herbal m edicines are very d ifferent fro m w ell-defined s ynthetic dr ugs. F or e xample, t he 

availability and quality of the raw materials are frequently problematic; the active principles are 

frequently unknown; and standardization, stability, and quality control are feasible but not easy.  

In m ost c ountries he rbal pr oducts a re l aunched i nto the m arket w ithout pr oper s cientific 

evaluation, a nd w ithout a ny m andatory s afety a nd t oxicological s tudies. T here i s no e ffective 

machinery to regulate manufacturing practices and quality standards. Consumers can buy herbal 

products without a prescription and one might not recognize the potential hazards in an inferior 

product. A  w ell-defined a nd s table composition of  t he d rug i s t herefore one  of  t he m ost 

important prerequisites for the production of a quality drug. Given the nature of products of plant 

origin, w hich b y d efinition a re ne ver c onstant a nd a re de pendent on a nd i nfluenced b y m any 

factors, quality control plays a significant role for the industry to thrive and be successful.   

A drug i s defined as be ing safe i f i t causes no k nown or  potential harm to users. Data will be 

required on the following: Acute toxicity, long-term toxicity. Data may also be necessary on the 

following: O rgan-targeted to xicity, immu ne-toxicity, E mbryo/fetal and pr enatal t oxicity, 

Mutagenicity/genotoxicity, Carcinogenicity (Bisset 1994; Farnsworth 1998). 

5.4 Elemental analysis of herbal medicines  

Most s tudies o n s uch me dicinal p lants p ertain to  th eir o rganic contents lik e e ssential o ils, 

glycosides, vi tamins, a lkaloids a nd ot her active c omponents and t heir pha rmacological a nd 
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therapeutic e ffects. B esides s everal or ganic c ompounds, i t i s now  w ell established th at ma ny 

trace elements p lay a vital r ole i n g eneral w ell-being as w ell as  i n t he cu re o f d iseases 

(Underwood, 1977; Prasad, 1993). 

Many elements in trace amount in human body play an essential role in metabolic process (Dell 

and Sunde, 1997). Therefore, identification of elements in medicinal plant and food products are 

vital. Minerals a re i nvolved in s tructural components of  human t issues, resources of  acid-base 

balance and maintain t he bod y fluids, t ransport of gases and muscle contractions (Omaye an d 

Reddy, 1962). 

Mineral deficiencies have manifested in forms of different disease conditions as goiter, rickets, 

and one form of metabolic dysfunction or the other. Minerals are divided into two groups: major 

minerals a nd t race m inerals. T he bod y n eeds larger amounts o f m ajor m inerals t han t race 

minerals, a lthough t race minerals can be just as important for good health (Frank W. Cawood, 

1997; C haney, 2006;  C rook,2006).The m ajor m inerals i nclude c alcium, chloride, phos phorus, 

potassium, sodium, sulphur, and magnesium, while the trace minerals include iodine, iron, zinc, 

selenium, fluoride, chromium, copper, molybdenum, and manganese (Frank W. Cawood, 1997; 

Chaney, 2006; Crook, 2006 ).   

Mineral contents of various medicinal plants were evaluated and correlated with their therapeutic 

action by numerous workers (Sahito, 2003; Pirzada, 2005; Januja, 1990; Sailey, 1994; Singh AK, 

2011). Atomic absorption spectroscopy (AAS) ( Herber and Stoeppler, 1994), energy dispersive 

X-ray fluorescence s pectrometry ( EDXRF) (  Joseph, 1999 ), e lectro th ermal a tomic absorption 

spectrometry ( ETAAS) (  Scancar, 2000 ), i nductively c oupled pl asma-atomic e mission 

spectrometry (ICPAES), inductively coupled plasma mass spectroscopy(ICPMS) ( Chan and Lo, 

2003) are some of the techniques employed for the elemental analysis of medicinal plants. 
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In cases of ETAAS, ICPAES and ICPMS analytical methods medicinal plant samples require to 

be appropriately prepared before measurements by the digestion and the mineralization of their 

organic matrix.  

As we have displayed in chapter seven of this study our results are in good agreements with the 

other analytical methods used.  
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6 

Experimental methods for herbal medicines 

6.1 Description of herbal medicines studied  

In this section we will briefly give the descriptions of the use of the medicinal plants studied in 

our r esearches r elated to E thiopian t raditional h erbal m edicine p ractices. Ten E thiopian 

medicinal plants and their two mixtures are analyzed by using LIBS technique. The names of the 

samples are shown in the table 6.1 below 

Table 6.1: The samples studied with the chosen nomenclature 

No  scientific name  Amharic name  

Sample 1 Ocimum lamifolium  Demakese  

Sample 2 Zingiber officinale  Zingibil  

Sample 3 Moringa stenopetala packed  Shiferaw packed 

Sample 4 Echinops kebericho  Kebercho  

Sample 5 Foeniculum vulgare   Ensilal  

Sample 6 Artemisia afra  Ariti  

Sample 7  Lepidium sativum Fieto  

Sample 8  Moringa stenopetala natural  Shiferaw natural  

Sample 9  Coriandrum sativum  Dimbelal  

Sample 10  Ruta  chalepensis  Tenadam  

Sample11 mixture of  Ocimum la mifolium  and Foeniculum 
vulgare  

Mixture of Demakese and 
Ensilal 

Sample 12 mixture of  coriandrum s ativum and zingiber 
officinale  

mixture o f Dinbelal and 
Zingibil 
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Ocimum lamifolium (Demakese) 

Used to treat coughs and colds, the fresh leaves are squeezed and the juice sniffed. The juice can 

also be u sed as  an  eye r inse for e ye i nfection.  Also used for mich, an i nfection of  f ever with 

headache and mouth blisters (Gedif, T. and Hahn, H.J., 2003). 

 

Figure 6.1: Ocimum lamifolium (Demakese) 

Zingiber officinale  (Zingibil)    

 

Figure 6.2: Zingiber officinale  (Zingibil) 

http://botanicaethiopia.com/herbs/demakase-ibc-cropped/
http://botanicaethiopia.wordpress.com/herbs/ginger13-l/
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The r hizome ( root) of  ginger i s popul arly used i n E thiopia f or s tomachache a nd r espiratory 

problems. It is chewed or masticated with ‘feto’ (Lepidium sativum) for stomach disorders. It is 

also popularly used for its carminative (relieves gas ) and anti-nausea activities. Ginger is equally 

popular in western herbal medicine and there has been extensive investigation of the rhizome and 

its constituents.  Zingiber officinale has demonstrated anti-inflammatory effects, as well as anti-

platelet, antioxidant, antitumour, antirhinoviral and antihepatoxic activities (preventing damage 

to the liver) (Wohlmuth, 1999). 

Echinops kebericho (Kebercho )  

 

Figure 6.3: Echinops Kebericho. 

Endemic to Ethiopia, Echinops kebericho, i s used for fever and as a  t aenicidal herb ( to expell 

tapeworm). The smoke from burning the plant is inhaled to relieve headache. The root is burned 

for smoke to ward off mosquitoes and as a snake repellant in the house.  The smoke is inhaled to 

fight typhus and fever, and is known to be used as a fumigant, mainly after childbirth. The root is 

also chewed to alleviate stomach ache (Demissew, S., 1993). 

 

 

http://botanicaethiopia.files.wordpress.com/2010/11/echinops-wikispecies-300px-kugeldistel_20050705_554.jpg
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Foeniculum vulgare  (Ensilal)  

 

Figure 6.4: Foeniculum vulgare  (Ensilal) 

In E thiopia, t he boi led or r oasted r oots of  E nsilal or  F ennel a re t raditionally us ed t o t reat 

gonorrohoea, digestive disorders and infant colic. The juice of the fresh or dried leaves is used to 

stem nosebleeds and the pl ant i s a lso known for i ts anti-fertility properties. S tudies r ecord the 

traditional use of an oral application of the fresh Fennel leaf as an anti-fertility remedy (Desta, 

1995). 

Western herbalists are familiar with the use of Fennel seed as a carminative and digestive; and 

evidence f rom r andomized, doubl e-blind, pl acebo c ontrolled t rials s uggest t hat Fennel i s 

effective in reducing infantile colic (Natural Standard, 2010).  Clinical trials also support the use 

of Fennel in combination with other herbs for dyspeptic conditions of the upper GIT, including 

pain, na usea, be lching and he artburn; c hronic non-specific c olitis, d iarrhoea o r c onstipation 

(Getahun, A., 1976). 

 

 

http://botanicaethiopia.files.wordpress.com/2010/12/sweet-fennel-large.jpg
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Artemisia afra (Ariti) 

 

Figure 6.5: Artemisia afra (Ariti) 

Artemisia afra called Ariti in Ethiopia, the juice of the crushed leaves of this plant is mixed with 

water or honey and administered orally to address stomach pain in Ethiopian traditional medicine 

practice. 

The essential oil of Artemisia Afra has antimicrobial properties. In South Africa, it is  one of the 

most popular and commonly used herbal medicines for t reating various ailments; f rom coughs 

and colds to malaria and diabetes (Getahun A., 1976). 

 

 

 

 

http://botanicaethiopia.files.wordpress.com/2010/11/artemisia_afra1-small.jpg
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Moringa stenopetala (shiferaw) 

 

Figure 6.6: Moringa stenopetala (shiferaw) 

Moringa tree has both nutritional and medicinal values. The leaves, flowers, and green pods of 

M.stenopetala are eaten as a staple vegetable and are rich in proteins and Ca, Fe, and P (ICRAF, 

2006). Moringa s tenopetala is a  favorite and main component of  the daily meal of  the Konso, 

Gamo, and Gofa people in southern Ethiopia (Endeshaw, 2003; Personal observation). Moringa 

leaves contain seven t imes the vi tamin C of  oranges, four t imes the vi tamin A of  carrots, four 

times the calcium of milk, three times the potassium of bananas, and two t imes the protein of  

yoghurt ( Mathur, 2005) . M oreover, M oringa l eaves c ontain a ll t he e ssential a mino a cids 

(Mathur, 2005;  M elesse e t a l., 2009;  S teinmüller e t a l., 2002 ) a nd vi tamins A  a nd C  a mong 

others (Mathur, 2005; Steinmüller et al., 2002). Raw leaves of M. stenopetala contain 9% crude 

protein on a  dr y m atter basis ( Abuye et a l., 2003)  a nd a  hi gher pe rcentage of  c arbohydrates, 

crude f iber, a nd calcium (Abuye et a l., 2003). V itamins a re p resent at n utritionally s ignificant 

levels av eraging 28 mg/100 g of vitamin C and 160 μg/100 g of beta-carotene ( Abuye et  al ., 

2003).  Moringa is the richest source of beta-carotene (vitamin A) and provides other important 

micronutrients (Mathur, 2005). Minerals such as K, Fe, Zn, P , and Ca also exist in significant 

concentrations with average values of 3.08 mg/100 g iron and 792.8 mg/100 g Ca (Abuye et al., 
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2003). R eports i ndicated t hat g iven t he hi gh vi tamin c ontent, M. s tenopetala leaves c ould be  

used to reduce child and maternal mortality rates in the country by 30-50% (Anon, 2003). 

Coriandrum sativum (Dimbelal) 

 

Figure 6.7: Coriandrum sativum (Dimbelal) 

Local application of coriander seeds alleviates swelling and pains. Paste of green coriander has 

very good action on headache caused by pitta. Externally, powdered green coriander alleviates 

burning s ensation a nd pain i n di seases like in flammation cau sed b y p itta, er ysipelas and 

lymphadenopathy. Decoction of green coriander is useful in stomatitis. In epistaxis, nasal drops 

of g reen co riander act  as a  ha emostat a nd t hus s top bl eeding. In c onjuctivitis, either j uice o r 

decoction of green coriander is put in eyes. The seeds were included in a host of prescriptions for 

fever, diarrhea, vomiting, indigestion as in stomach and carminative. 

Fresh j uice of le aves is  u sed a s a  gargle in  s ore th roat and s tomatitis. P aste is  applied ov er 

swellings and boils; also over cervical adenitis. The paste is prepared by pounding green leaves 

with barley flour. The paste of dry fruits is applied over forehead and temples during headache. 

For c ooling e ffect on t he mind a nd f or i ncluding s leep, f resh j uice of  t he l eaves, m ixed w ith 

sugar, is given. It is also given in biliousness, intestinal irritations, heartburn, thirst and nausea 

(H. Fassil, 1996). 

  



 

89 
 

Lepidium sativum (Fieto) 

 

Figure 6.8: Lepidium sativum (Fieto) 

Scientific investigations show that, Ethiopia is  the origin of Lepidium sativum (Fieto) and it is  

distributed i n va rious a reas f rom E thiopia. Studies r evealed t hat f or bot h c ontrol a nd di abetic 

subjects meal with Lepidium sativum seeds lowered the glycemic response as  compared to the 

meal without Lepidium sativum seeds. They also reported that diabetic subjects showed higher 

reduction i n glycemic r esponse c ompared t o he althy s ubjects. In l ong t erm ( 21 da ys) 

administration o f d iabetics w ith Lepidium s ativum seeds ( 15 gm/day) 9 out  of  11 s ubjects 

showed reduction in the levels of blood glucose from 10.2 mM/L to 8.3 mM/L at the end of the 

study period. Results of this investigation indicate that Lepidium sativum seeds have a potential 

of activity as hypoglycemic activity. Seeds have been shown to reduce the symptoms of asthma 

and improve lung function in asthmatics, and the seed mucilage is used as a substitute for gum 

arabic and tragacanth. Some use it in the belief that it can cure asthma, bronchitis bleeding piles. 

Some use Lepidium sativum seeds for indigestion and constipation (Qudiha Pankaj, 1998). 

 

 

https://en.wikipedia.org/wiki/Gum_arabic
https://en.wikipedia.org/wiki/Gum_arabic
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Ruta  chalepensis (Tenadam)  

 

Figure 6.9: Ruta  chalepensis (Tenadam) 

Ruta chalepensis is cultivated in several countries in tropical Africa where it is used for cooking 

and medicinal purposes. The medicinal and culinary properties are attributed to the presence of 

essential oi ls which are contained in all parts of  the plant. The tops of  the f resh shoots are the 

most a ctive a nd s hould be  gathered be fore t he pl ant f lowers. A  fruit poultice i s a pplied t o 

swellings. In Ethiopia Ruta chalepensis is an important medicinal pl ant. An aqueous-alcoholic 

extract of the leaves is drunk as an anti-implantation and uterotonic medicine. A decoction of the 

pulverized fruits in milk is taken to treat diarrhoea. A root decoction in an alcoholic drink, with 

hot peppers, is taken to treat influenza. Plant sap is taken to treat stomach-ache. A leaf decoction 

with tea is taken to treat headache, fever and common cold. In southern Africa, the oil obtained 

from the aerial parts is applied externally as a rub to treat stomach-ache, colic, hysteria, epilepsy 

and is taken orally as an anthelmintic. A decoction of the whole plant in high doses is taken to 

ease c hildbirth. A l eaf decoction of  Ruta c halepensis or Ruta gr aveolens is t aken f or t he 

treatment of typhoid and scarlet fever, whereas the leaf juice is given to children suffering from 

convulsions, fits, jaundice and diarrhea. The crushed leaves are externally applied to treat 
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 toothache and e arache. A  m aceration o f t he l eaves i s t aken t o t reat cardiac an d respiratory 

diseases, rheumatism, gout and hypertension. Leaves are taken in tea or chewed to treat stomach-

ache and headache (Toserkani et al., 2011).  

6.2 Sample preparation of herbal medicines 

Ten commonly used herbal medicines purchased from local market places and authenticated by 

the Ethiopian bio-diversity institute were used as samples for analysis.  The plant samples were 

made up  of  t he l eaves, s tem and roots. The samples were gently and thoroughly washed with 

distilled water to avoid contamination. They were then dried at room temperatures in the range of 

20°-26°C and then grounded into f ine powder with grain s ize ∼20 μm. About 300  mg of each  

sample were pelletized using a hydraulic press with a pressure around 2 t ons/cm2 to produce an 

intermediate thick pellet samples. We also prepared two samples by mixing two types of herbal 

medicines in equal amounts 150g each to see the capability of LIBS for monitoring the change in 

elemental c omposition o f mix tures. For each  s ample t hree p ellets w ere prepared t o ch eck t he 

repeatability of the experiments.  
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7 

Results and discussions of Herbal medicines 

7.1 Analysis of mineral elements in herbal medicines 

The LIBS spectra of herbal medicinal samples were collected in wavelength range 200-800 nm 

in a ir a tmosphere. S pectra a cquired b y LIBS a re pr ocessed us ing Igor s oftware. W e ha ve 

displayed part of the spectra in figure 7.1 

 

(a) 
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(b) 

 

(c) 
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(d) 

Figure 7.1: (a)-(b) LIBS spectra of Moringa stenopetala. 

Comparing f igure 4.1 a nd 7.1 we can  clearly s ee t hat i n t erms o f t he i ntegrated i ntensity t he 

amount of mineral elements in herbal medicines is much larger than the amount in coffee; in fact 

in t his c ase t he a mount of c alcium i n he rbal m edicines i s 15 t imes l arger t han t he a mount of  

calcium in coffee and also the amount of magnesium in herbal medicines is 3 t imes larger than 

the amount of magnesium in coffee. Generally herbal medicines are richer in mineral elements 

compared to coffee. 

7.2 Comparison of mineral elements in herbal medicines 

The co mparisons o f m ineral el ements i n t erms of r elative in tensity o f th e e mission lin es a re 

shown in f igure 7.2  using h istogram. From t he h istogram w e c an observe t hat the amounts of  

mineral elements were found to vary in different herbal medicines. It is also observed that in our 

herbal m edicine s amples t he a mount of  c alcium, m agnesium a nd s odium a re r elatively higher 

than the amount of  i ron, pot assium, manganese and phosphorus. Moreover i n ou r samples we 

have identified zinc and copper but in small amounts. 
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 Figure 7.2: comparisons of mineral elements in terms of relative intensity of the emission lines 
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Comparatively Artemisia afra (Ariti) i s ri ch i n c alcium a nd m agnesium; Ocimum lamifolium 

(Demakese) i s ri ch i n magnesium a nd pot assium; Zingiber officinale (Zingibil) is  r ich in  

magnesium, manganese, phosphorous and potassium; Moringa stenopetala (Shiferaw) is rich in 

calcium, i ron, m agnesium, pot assium a nd s odium; Echinops kebericho (Kebercho) is  r ich in  

potassium; Foeniculum vulgare (Ensilal) is rich in iron, magnesium and zinc; Lepidium sativum 

(Fieto) is rich in magnesium, copper and potassium; Coriandrum sativum (Dimbelal) is rich in 

copper, m agnesium, pho sphorous, s odium a nd z inc; Ruta  chalepensis (Tenadam) i s r ich i n 

calcium and magnesium,  

Many researches h ave done o n elemental analysis o f h erbal m edicines as  i ndicated i n t he 

literature pa rts of  t his t hesis. F or t he c ase of  comparison w e h ave di splayed t he result of  t he 

research done b y Abuye (Abuye et a l., 2003) , on c ompositional s tudy of  Moringa s tenopetala 

leaves on table 7.2 a nd our results on t able 7.3. The study was performed by flame photometer 

and flame atomic absorption spectroscopy.  

Table 7.1: Mineral contents of raw leaves of Moringa stenopetala 
Minerals Mg/100g 

Na 403.5 ± 21 

K 453.0 ± 11 

P 65.6 ± 13 

Ca 792.8 ± 92 

Fe 3.08 ± 0.8 

Zn 0.53 ± 0.8 
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Table 7.2: Amount of minerals in leaves of Moringa stenopetala in terms of integrated relative intensity 

 

 

 

From t hese, i n t erms of  t he a mount of  m ineral elements it c an b e s een th at th e r esult is in  

agreement with what we have found in our researches. 

7.3 Correlation of mineral elements in herbal medicines 

Calcium is essential f or t he f ormation of  s trong bone s a nd t eeth a nd for t he m aintenance o f 

healthy gums. It increases the rate of bone growth and prevents against bone loss associated with 

osteoporosis. Calcium is important in the maintenance of a regular heart beat and transmission of 

nerve impulses. It helps lower cholesterol levels and helps prevent against cardiovascular disease 

and certain forms of cancer including colorectal cancer. Calcium is important for normal blood 

clotting processes that aid in the early stages of wound healing. In addition, calcium also wards 

off the accumulation of an excess of acid or alkali in the blood. It is involved in the activation of 

several enzymes including lipase, which breaks down fats for utilization by the body (Balch, J.F. 

and P.A, 1997 Barney, 1998; Dunne, 1990).  

  

Minerals Amount in terms of integrated  
relative intensity 

Na 1.946854381 ± 0.0005 
 

K 1.97501673 ± 0.0004 
 

P 0.560437659 ± 0.0002 
 

Ca 2.05238402± 0.0003 
 

Fe 0.100298074 ± 0.0002 
 

Zn 0.00401033 ± 0.0001 
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Magnesium is an essential nutrient required for many biologic functions in the body, including 

more than 300 enzyme reactions. It also functions in the activation of amino acids, the syntheses 

of D NA, a nd i s i nvolved i n ne urotransmission a nd i mmune f unction. Numerous s tudies s how 

that a m agnesium d eficiency m ay b e an  u nderlying c ause o f ca rdiovascular d isease, 

hypertension, asthma, chronic fatigue and pain syndromes, depression, insomnia, irritable bowel 

syndrome, and m any pu lmonary di sorders. Supplementing th e d iet w ith magnesium ma y also 

prevent depression, dizziness, muscle weakness, twitching, and premenstrual syndrome (PMS). 

It promotes t he absorption and assimilation of  other minerals i ncluding calcium, phosphorous, 

sodium, and potassium while enabling the utilization of vitamin B complex and vitamins C and E 

(Fischer P., Kubena K. 2006; Balch, J.F. and P.A, 1997; Dunne, 1990). 

Sodium is e ssential f or m aintaining bl ood p H a nd pr oper w ater b alance. Together w ith 

potassium, it helps regulate the distribution of fluids on either side of the cell walls. Sodium and 

potassium a re a lso in tricately in volved in m uscle c ontraction a nd e xpansion a s w ell a s ne rve 

stimulation. D uring in tense e xercise o r e xtreme h eat, s odium a ctivates t he t hirst r esponse. It 

keeps the other blood minerals soluble so that a buildup of other minerals will not accumulate in 

the blood stream. Sodium also acts with chlorine to improve blood and lymph health and aids in 

eliminating carbon dioxide from the body (Balch, J.F. and P.A, 1997). 

Iron is involved the production of hemoglobin and myoglobin. Hemoglobin carries oxygen from 

the l ungs to t he bod y. Iron i s e ssential for many enzymes and i s important for growth, proper 

cognitive function. Iron is vital in energy production and in maintaining an optimal immune 

system (Hunt, 2006). 

Potassium is a key f or a  he althy ne rvous s ystem, r egular h eart rh ythm, a nd pr oper m uscle 

function. It is necessary for chemical reactions within the cells and helps in maintaining normal 
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blood p ressure an d i n generating electrochemical i mpulses. In p ersons w ith h ypertension, 

potassium c an dr amatically l ower bot h systolic a nd d iastolic p ressure. It f unctions in  c ell 

metabolism, enzyme reactions and the synthesis of muscle protein from amino acids in the blood. 

It works with phosphorous to send oxygen to the brain and functions with calcium in regulating 

neuromuscular activity. Potassium will also stimulate the kidneys to eliminate poisonous wastes. 

It is also necessary for healthy skin (Balch, J.F. and P.A, 1997; Dunne, 1990). 

Manganese is a component of several enzymes and, therefore, acts as a catalyst in the synthesis 

of cholesterol and f atty acids, and pl ays a role i n protein, fat, and carbohydrate p roduction. It 

activates a  num ber of  o ther e nzymes i ncluding formation of  c artilage i n t he bone  a nd s kin. 

Manganese is important for the production of milk, formation of urea, or part of the urine. It also 

maintains s ex‐hormone production, nour ishes t he ne rves a nd b rain, a nd i s e ssential f or t he 

formation of  t hyroxin, a n i mportant c omponent of t he t hyroid gland (Dunne, 1990;  M ontvale, 

2001). 

Phosphorous is needed for proper bone and tooth formation, cell growth and contraction of the 

heart muscle; it assists in the assimilation of vitamins and the conversion of food into energy. It 

also works with calcium to maintain the calcium‐phosphorous balance in the bones. Deficiency 

of phos phorous c an c ause l ack of  a ppetite a nd weight l oss (Dunne, 19 90 N ielsen a nd D unn, 

2006). 

Zinc has a variety of functions in the body. It is a component of at least 25 enzymes involved in 

digestion and metabolism, including carbohydrate digestion, and phosphorous metabolism. Zinc 

is essential for general growth and proper development of the reproductive organs and prostate 

gland function. It also may help prevent acne and control the activity of oil glands. It aids in the 

synthesis of protein and collagen formation, promotes a healthy immune system, aids in wound 
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healing and allows for enhanced vision, taste and smell. Zinc is a component of insulin and many 

vital enzymes. It will fight and prevent against the formation of free radicals. Zinc also increases 

the absorption of vitamin A (Dunne, 1990; Balch, J.F. and P.A, 1997; Montvale, 2001; Cousins). 

Copper aids in the formation of bone, hemoglobin, red blood cells. It aids in the conversion and 

transport of iron from the intestinal lumen into red blood cells. It works in balance with zinc and 

vitamin C to form elastin. It is involved in the healing process, energy production, hair and skin 

coloring, and t aste s ensitivity. It i s i nvolved in t he de velopment a nd m aintenance o f t he 

cardiovascular s ystem. It a lso helps maintain the myelin, which sheaths nerves and a ids in the 

transmission signals from the brain to the body and vice versa (Balch, J.F. and P.A, 1997).   

7.4 Clustering of the herbal medicines using PCA 

Moringa leaves a re kno wn t o ha ve a  hi gh c ontent of  pr otein, m inerals a nd vi tamin, he nce a n 

ideal nutritional supplement, (Fletcher, 1998). Moringa leaves are also considered a rich source 

of minerals (Gupta et al, 1989). In this work we have tried to characterize our herbal medicine 

samples b y us ing pr incipal c omponent a nalysis a s s hown i n f igure 7.3 . From th e f igure it is  

clearly o bserved t hat Foeniculum v ulgare (Ensilal), Ruta  ch alepensis ( Tenadam), Coriandrum 

sativum (Dimbelal), Artemisia afra (Ariti) and Hagenin abyssinica (Fieto) have similar elemental 

composition a s m oringa be cause t hese s amples a re c lustered to gether w ith mo ringa. T his 

classification model obtained by PCA may be of great use for quality inspection of raw herbal 

material on a continuous basis as new one is produced. 
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Figure 7.3: Clustering of the herbal medicines using PCA 

 

7.5 LIBS used to monitor the change in elemental compositions of the mixed herbal 

      medicines.   

A well-defined and constant composition of the herbal medicines is most important prerequisites 

for the production of a mixture of herbal medicines. In this research we have demonstrated that 

LIBS can be  us ed t o monitor t he c hange i n e lemental c ompositions of  t he m ixture of  he rbal 

medicines. 

We prepared samples by mixing two types of herbal medicines in equal amount. Sample11 is the 

mixture of  Ocimum la mifolium (Demakese) and Foeniculum v ulgare (Ensilal).  Ocimum 

lamifolium (Demakese) is relatively r ich i n p otassium and foeniculum vulgare (Ensilal) is 

relatively rich in zinc. Sample 12 is the mixture of coriandrum sativum (Dinbelal) and zingiber 

officinale (Zingibil).  Coriandrum s ativum (Dinbelal) is relatively r ich i n c opper and zingiber 

officinale (Zingibil) is relatively rich in manganese. W e an alyzed t he m ixtures b y u sing LIBS 
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and w e ha ve di splayed the r esults before a nd after m ixing b y us ing table 7.3, t able 7.4  a nd 

histograms in figure 7.4 and figure 7.5 

Table 7.3: amount of mineral elements in terms of the normalized relative intensity before mix  

Sample  damakese  ensilal  dimbelal  zingbel  

Potassium (K) 2.647387 ± 0.0023 0.447015 ± 0.0002     

Zinc (Zn) 0.007945 ± 0.0002  0.010856 ± 0.0001     

Copper (Cu)     0.057957 ± 0.0002   0.011775 ± 0.0001 

Manganese (Mn)     0.166925 ± 0.0002 0.858159 ± 0.0002 
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Table 7.4: amount of mineral elements in terms of the normalized relative intensity after mix       

Sample  damakese + ensilal  dimbelal + zingbel  

Potassium (K) 3.07221± 0.0035   

Zinc (Zn) 0.016501± 0.0003   

Copper (Cu)   0.069732 ± 0.0002 

Manganese (Mn)   1.003063 ± 0.0003 
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Figure 7.4: change of Zn (above) and K (below) of sample 11 in terms of relative intensity of the 

                  emission lines    

As we observe from figure 7.4 for sample 11 the increase in zinc (Zn) using the relative intensity 

unit is 51.99% compared to the amount of zinc in Ensilal before the mixing and the increase in 

potassium (K) using the relative intensity unit is 16.05% compared to the amount of potassium in 

Damakase before mixing.  
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Figure 7.5: change of Mn and Cu of sample 12 in terms of relative intensity of the emission lines  

Figure 7.5  shows result f or s ample 12, t he i ncrease i n m anganese ( Mn) us ing t he relative 

intensity unit is 16.88% compared to the amount of manganese in Zingbel before the mixing and 

the increase in copper (Cu) using the relative intensity unit is 20.31% compared to the amount of 

copper i n di mbelal be fore m ixing. T his m ay show th e c apability o f LIBS in  monitoring the 

change i n elemental c omposition o f th e mi xture of he rbal m edicines. This can b e o f h elp i n 

deciding the quantity of various active constituents and also supervising the dose of a p articular 

formulation since dosage has been the main problem facing herbalists. 
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8 

Conclusions 

In our researches we have demonstrated the potential of LIBS in analysis and characterization of 

coffee u tilizing multivariate chemometric method. Using the most relevant emission s ignals of 

LIBS, an a ttempt w as m ade in  o rder to  d iscriminate th e s amples o f coffee and t heir m ixtures 

using Principal Component Analysis. We applied PCA for characterization of Ethiopian coffee, 

according t o t heir geographical or igin f irst b y u sing f orty ni ne a tomic a nd i onic l ines t hen b y 

using a ll calcium and magnesium lines. We  i nvestigate s everal ranges and identify the use o f 

these models on  a s pecific range for a h igher accuracy; accordingly we can able to characterize 

the c offee s amples b y u sing t wo l ines of  m agnesium a nd t wo l ines of  c alcium a nd f inally w e 

optimize our characterization by using only one line of calcium and one line of magnesium. By 

taking a  s ample at a  t ime w e ha ve s hown t he c apability of  LIBS c oupled w ith P CA f or 

discrimination o f c offee s amples f rom th eir mix tures a nd th is is  u seful f or in spection o f 

adulteration of coffee.  In this research we have clearly shown that the Ca  and Mg lines are the 

emission lines for discrimination of Ethiopian coffee samples.   

In t his r esearch we have de monstrated t he p otential o f LIBS i n e lemental a nalysis, 

characterization and monitoring the change in e lemental composition of  he rbal medicines. We 

have poi nted out  t hat the m edicinal pl ants s tudied a re a  s ource of  b iologically i mportant 

elements, w hich m ay p lay p art i n t he obs erved t herapeutic pr operties of  t hese p lants. The 

classification model obtained by PCA may be of great use for quality inspection of raw herbal 

material on a continuous basis as new product is produced. We have also shown the capability of 

LIBS to monitor the change in elemental compositions of the mixtures of herbal medicines. This 

study can be of help in deciding the quantity of various active constituents and also supervising 
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the dose of a particular formulation since dosage has been a chief problem confronting traditional 

herbalists. The findings of this study can thus assist herbal medicine practitioners in their efforts 

to include these plants into a variety of formulations based on their mineral composition. 
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