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ABSTRACT 

Characterisation and removal of heavy metals in tannery effluents through the use of 

local materials 

Camilla Andersson and Jonas Robertsson 

 

Chromium and other heavy metals are known to cause issues related to human and 

environmental health when they occur in high concentrations in ecosystems. Chromium poses 

a particularly large threat if it occurs in its hexavalent form, Cr(VI), as it is highly reactive and 

carcinogenic. The aim of this project was to investigate the wastewater emitted from a tannery 

in Liwonde, Malawi, with respect to the metals Cr, Al, Cd, Cu, Fe, Mn, Pb and Zn, and to 

reduce the concentrations using locally available materials. A particular emphasis was put on 

chromium. 

 

Wastewater collected from the tannery was analysed to determine the total and dissolved 

concentrations of the metals using a Microwave Plasma-Atomic Emission Spectrometer (MP-

AES). The wastewater was then mixed with various dosages of peeled and unpeeled Moringa 

Oleifera seed powder as well as pure Moringa Oleifera shell powder and sand collected from 

river Shire. Thereafter, the remaining concentrations of metals were analysed. Additional 

analyses of various contact times were performed for the removal agent that had shown the 

best results.   

 

The analyses showed a total chromium concentration of 2.25 ppm and a dissolved chromium 

concentration of 0.251 ppm in the wastewater discharged from the tannery. Both 

concentrations were lower than what had initially been expected but still above both the WHO 

guideline value for chromium in drinking water and the Swedish threshold value for 

chromium in industrial wastewater (0.05 ppm). No other metals were found in concentrations 

above trace levels. All of the investigated removal agents, except for pure shell powder, 

showed positive results for chromium removal. The highest removal observed for dissolved 

chromium was 72 % and occurred with a removal agent mixture of 5.0 g of river sand and 2.0 

g of unpeeled Moringa Oleifera seed powder to 100 mL of wastewater. The reduction of total 

chromium was 97 % for the same removal agent mixture. However, lower dosages of the 

removal agents also gave a chromium removal of similar size. Due to resource limitations, no 

analysis of whether the wastewater contained Cr(III) and Cr(VI) could be performed. 

 

Considering the low initial concentrations of metals emitted from the tannery, there is no 

urgent need for further treatment of the wastewater. This study has however substantiated the 

theory that Moringa Oleifera seeds can be used as a low-cost chromium remediation agent in 

wastewater, a result that can be of use to improve the water quality in other industries and 

applications. 

 
Keywords: Chromium, Moringa Oleifera, tannery, wastewater treatment, natural material 
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REFERAT 

Karakterisering och reduktion av tungmetaller i avloppsvatten från ett garveri med 

hjälp av lokala material 

Camilla Andersson och Jonas Robertsson 

 

Det har länge varit känt att krom och andra tungmetaller kan orsaka hälso- och miljöproblem 

när de förekommer i höga koncentrationer i ekosystem. Krom utgör ett särskilt stort hot om 

det förekommer i sin sexvärda form, Cr(VI), eftersom det är mycket reaktivt och cancerogent. 

Syftet med detta projekt var att undersöka avloppsvattnet från ett garveri i Liwonde, Malawi, 

med avseende på metallerna Cr, Al, Cd, Cu, Fe, Mn, Pb och Zn, samt att minska 

koncentrationerna med hjälp av lokalt tillgängliga material. En särskilt tonvikt lades på krom. 

 

Avloppsvatten som inhämtats från garveriet analyserades med hjälp av en mikrovågsplasma-

atomemissionsspektrometer (MP-AES) för bestämning av total samt löst koncentration av 

metallerna. Avloppsvattnet blandades sedan med olika doser av pulver från skalade och 

oskalade Moringa Oleifera-frön, liksom med pulver från skal av Moringa Oleifera-frön och 

sand från Shire-floden. Därefter analyserades proverna med avseende på återstående 

metallkoncentrationer. Ytterligare undersökningar genomfördes med olika kontakttider för det 

inbindningsmedel som visat bäst resultat. 

 

Analyserna visade en total kromkoncentration på 2,25 ppm och en löst kromkoncentration på 

0,251 ppm i det avloppsvatten som släpptes ut från garveriet. Båda koncentrationerna var 

lägre än vad som ursprungligen hade förväntats, men ändå över både WHOs riktlinjer för 

krom i dricksvatten och det svenska gränsvärdet för krom i industriellt avloppsvatten (0,05 

ppm). Inga andra metaller påvisades i betydande koncentrationer. Alla undersökta 

inbindningsmedel, med undantag av Moringa Oleifera-skal, visade positiva resultat för 

kromrening. Den största observerade reningen för löst krom var  72 %, och uppmättes för en 

blandning av 5,0 g sand och 2,0 g pulver av oskalade Moringa Oleifera-frön till 100 mL 

avloppsvatten. Reduktionen av totalt krom var 97 % för samma blandning. Även lägre doser 

gav dock en nästan lika hög reningsgrad. På grund av resursbegränsningar kunde ingen analys 

av huruvida avloppsvattnet innehöll Cr(III) eller Cr(VI) genomföras. 

 

Då avloppsvattnet från garveriet endast innehöll låga koncentrationer av metaller finns inget 

akut behov av ytterligare rening. Denna studie har dock styrkt tesen att Moringa Oleifera-frön 

kan användas som ett lågkostnadsalternativ för rening av krom i avloppsvatten. Detta resultat 

kan vara användbart för att förbättra vattenkvaliteten vid andra industrier och tillämpningar. 

 
Nyckelord: Krom, Moringa Oleifera, garveri, avloppsvattenrening, naturligt material 
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1. INTRODUCTION 

1.1 Background 

Heavy metals have long been known to have an adverse impact on both human health and the 

environment. Although they - to a certain degree - occur naturally in the environment, 

anthropogenic sources such as various industrial processes might cause elevated and 

potentially harmful concentrations if the effluents are not treated properly. The effects of the 

various heavy metals differ among the different elements, and might also vary among 

different oxidation states for a certain element. In this project, the effluents from a tannery 

located in Liwonde, Malawi, have been used to investigate the possibility of using natural 

materials to reduce the metal concentrations. While there are conventional treatment 

techniques available, these are often expensive and resource intensive and thus not suitable 

for use in developing countries such as Malawi. Furthermore, some of these treatment 

methods use chemicals whose effects on aquatic ecosystems have not been thoroughly 

investigated, and might therefore cause unexpected side effects. Further knowledge about how 

natural materials can be used in wastewater treatment is therefore important and necessary to 

facilitate health improvements and environmental protection in developing countries. 

 

The tannery in question discharges its wastewater into river Shire, Malawi’s largest river, 

which later flows into Mozambique. The river is used as a source of drinking water by people 

living further downstream. These people are at risk of recurrent exposure to hazardous 

drinking water if it is found to contain high concentrations of chromium, which the tannery is 

known to use in its processes, or other pollutants. The WHO (2004) recommends that the total 

chromium concentration in drinking water shall not exceed 0.05 ppm, which is also the 

Swedish threshold value for chromium in industrial wastewater (Svenskt Vatten, 2009). These 

values include chromium in both its trivalent, Cr(III), and hexavalent, Cr(VI), form. 

1.2 Objectives 

The project aimed to investigate the composition and magnitude of the emissions of 

chromium and other metals that occurred from a tannery in Liwonde, Malawi, and to what 

extent these concentrations could be reduced using locally available materials. The 

hazardousness of the tannery effluents, determined by the occurrence of chromium’s two 

stable oxidation states Cr(III) and Cr(VI), was discussed but not analysed. 

1.3 Delimitation 

Previous studies by Sajidu et al. (2006) and Pare et al. (2012) using metal solutions prepared 

in a laboratory have shown great potential of reducing chromium, among other metals, with a 

variety of clay minerals and seeds from various species of Moringa trees. As this project 

aimed to find a sustainable treatment method suitable for the regional conditions, the findings 

from these studies were considered together with the availability of various materials when 

choosing the removal agents to be included in the analysis. Thus, the project only examined 

the removal abilities of Moringa Oleifera and sand from the Shire river. Apart from Cr, the 

other metals whose investigated prevalence were Al, Cd, Cu, Fe, Mn, Pb and Zn. The 

emphasis was however put on chromium, as the tannery is known to use chromium in its 

processes. Due to resource limitations, no analyses of the chromium speciation were 

performed. 
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2. THEORY 

2.1 Chromium and its oxidation states 

Chromium is used in many industrial processes, such as alloying, plating, as a corrosion 

inhibitor (Fendorf, 1995) and in various pigments (Sterner, 2003). Chromium is also 

commonly used in tannery processes, where animal skin is treated to make leather. In these 

processes trivalent chromium, the most common oxidation state (Sterner, 2003), is used, often 

in the form of Cr(III) sulphate (Covington, 1997). Although chromium exists in abundance in 

the earth’s crust, discharge of insufficiently treated wastewater from industries might elevate 

the concentrations of the element in the environment (Fendorf, 1995). 

 

Chromium can exist in many oxidation states, from -2 to +6, with different properties and 

levels of toxicity (Fendorf, 1995). Two of these oxidation states, Cr(III) and Cr(VI), are stable 

under naturally occurring conditions and these therefore persist in the environment (Fendorf, 

1995). Cr(VI) is a strong oxidant and therefore more reactive than Cr(III) (Bartlett, 1991). It is 

also very soluble and mobile and therefore moves through soil with nearly the same speed as 

groundwater, whereas Cr(III) is less mobile (United States EPA, 2000). Furthermore, trivalent 

chromium does not pass cell membranes and is therefore not as toxic as hexavalent 

chromium, which is more likely to incorporate into the cells (Sterner, 2003). When hexavalent 

chromium has entered a cell it is reduced to trivalent chromium which can be built into 

proteins and possibly even DNA (Sterner, 2003). This process is strongly carcinogenic and 

can also cause allergenic reactions (Sterner, 2003). Hexavalent chromium therefore has an 

adverse effect on humans as well as other organisms. 

 

Chromium exists almost exclusively as Cr(III) in the environment, unless the conditions are 

strongly oxidising which would favour Cr(VI) (United States EPA, 2000). However, the 

reduction of Cr(VI) to Cr(III) does not occur quickly under natural conditions, and hexavalent 

chromium can therefore persist for extended periods of time if it is emitted into the 

environment (United States EPA, 2000). Below pH 3.0 Cr(III) predominantly exists in its 

ionic form, whereas it exists as various chromium hydroxy species in environments of higher 

pH (United States EPA, 2000). Cr(VI) exists as chromate (CrO4
2−) or hydrogen chromate 

(HCrO4
−) depending on pH and the fact that both these compounds are anions explains that 

Cr(VI) is more difficult to remove from solution that Cr(III), especially at  low concentrations 

and in solutions with a neutral or alkaline pH (United States EPA, 2000). An Eh-pH diagram 

for chromium species in aqueous solutions is shown in Figure 1. 

 

According to Fendorf (1995), oxidation from Cr(III) to Cr(VI) in natural systems is likely to 

occur only in presence of manganese oxides. Therefore, it is necessary to account for the 

presence of manganese oxides in soils and sediments when evaluating the potential risks of 

chromium in natural environments (Fendorf, 1995). One should therefore not only consider 

the present state of oxidation, but also the potential of chromium being transformed between 

oxidation states, i.e. from trivalent chromium into the more hazardous hexavalent chromium 

(Fendorf, 1995).  
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Figure 1. An Eh-pH diagram of chromium species in aqueous solutions. Adapted from Palmer & 

Wittbrodt (1991). 

2.2 The adsorbing properties of minerals  

The small particles that form minerals in the soil have a natural charge on their surface. This 

charge consists of both permanent and variable charges of different origin (Eriksson et al., 

2005). The permanent charges occur in minerals of 2:1-type, where isomorphic substitutions 

of molecules in the sheets might change the net charge of the particle (Eriksson et al., 2005). 

Isomorphic substitution is the process when an atom or ion is replaced with another atom or 

ion of similar size but a lower charge (Gustafsson et al., 2010). 

 

The variable charges occur as the mineral’s pattern of molecules is disrupted on the mineral 

surface, causing an imbalance in charges between the atoms in the outer layers. In the 

presence of water the charged surfaces attract the oxygen of the H2O molecules, forming an 

outer layer where the H
+
 ions are in contact with the surrounding solution. The polarity of 

H2O molecules, where the oxygen has a slightly negative charge and the hydrogen a slightly 

positive charge, results in a positive charge on the mineral surface. However, depending on 

the pH, the hydrogen atoms in the outer layer can also be released into the surrounding 

solution. A high pH in the solution, i.e. a low concentration of H
+
 ions, will result in more H

+
 

ions being released from the mineral surface, leaving the mineral with a negative total charge 

(Eriksson et al., 2005). If the pH decreases the opposite process will take place; H
+
 ions will 

attach to the mineral surface, generating a more positive total charge (Eriksson et al., 2005). 

The pH at which the positive and negative charges on the mineral surface are balanced is 

often reffered to as the point of zero charge (pzc). The pzc differs for different minerals. 

 

The charged surfaces of mineral particles result in an ability to attract and adsorb dissolved 

ions. The extent of this ability depends on the specific surface of the particles, as a larger 

specific surface can contain more charges and thereby attract a larger number of ions 

(Gustafsson et al., 2010). As clay minerals consist of small particles, they have a much larger 

specific surface than coarser materials such as sand and gravel. Clay minerals are therefore 
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among the most efficient in adsorbing ions in the soil (Gustafsson et al., 2010). There are 

three types of adsorption mechanisms that occur in the soil: outer sphere complexes, inner 

sphere complexes and hydrophobic adsorption (Gustafsson et al., 2010). 

 

The outer sphere complexes are electrostatic and the ions are kept at a certain distance from 

the particle surface by a layer of water molecules (Gustafsson et al., 2010). Ions are therefore 

not bound permanently to the surface and can easily be replaced with other ions from the 

surrounding solution. Ions with a greater charge density stay closer to the surface and are 

therefore bound more strongly than ions with a lower charge density (Eriksson et al., 2005). 

For inner sphere complexes, the dissolved ions form a chemical bond with functional groups 

on the surface of the particles. This mechanism creates a stronger bond than that of outer 

sphere complexes, although the involved ions can still be exchanged for other agents that 

form inner sphere complexes (Gustafsson et al., 2010). Cr
3+

 forms inner sphere complexes 

with soil minerals and is therefore easily removed from solutions that contain such particles. 

Hydrophobic adsorption is the primary adsorption process for many organic substances 

(Gustafsson et al., 2010). As this study did not concern substances that are hydrophobic, this 

mechanism will not be discussed further. 

2.3 Properties of the Moringa seed 

Species of the tropical plant family Moringaceae have been found to serve many different 

purposes. They can be used as a food source, as animal fodder and medication as well as for 

live fencing (Sajidu, 2008). The seeds have traditionally also been used as a domestic water 

purifier agent, as they have been known to decrease the turbidity of water. These properties 

have later been documented and described in several studies, although the involved 

mechanisms are only partly known (Sajidu et al., 2006). Recently, studies have shown that 

Moringa seeds can reduce total coliform and microbial counts (Nwaiwu & Lingmu, 2011; 

Daniyan et al., 2011). 

 

The interest in Moringa as a natural coagulant for water purification has been rising in recent 

years, as the need for low-cost wastewater treatment methods is growing in developing 

countries. The use of natural coagulants also provides an alternative to reliance upon 

chemicals, whose effects on human and environmental health have not always been fully 

elucidated. In order to further evaluate the properties of Moringa seeds as a wastewater 

purification agent, studies evaluating its ability to reduce metal concentrations have been 

conducted. Sajidu et al. (2006) showed complete sorption of Cd
2+

, Zn
2+

 and Cr
3+

 ions above 

certain pH levels at a metal concentration of about 4 ppm. The sorption for Cr
3+ 

was complete 

at pH levels above 4-6, depending on the Moringa species (Sajidu et al., 2006). The study 

involved two species from the family Moringaceae: Moringa Stenopetala (M.Stenopetala) 

and Moringa Oleifera (M.Oleifera). For M.Oleifera, the maximum removal occurred from 

around pH 6. 

 

Although both species completely removed the metal ions above a certain pH, M. Stenopetala 

showed a slightly better sorption capacity at most pH values (Sajidu et al., 2006). The 

successful outcome for both M.Oleifera and M.Stenopetala was partially attributed to the 

metal cations forming complexes with the Moringa proteins (Sajidu et al., 2006). This was 

further investigated by Sajidu et al. (2008), who conducted an in-depth study of the 

mechanisms of metal remediation using seed powder from the species M.Oleifera. The results 

indicated that the oxygen donating carboxylate (-COOH), along with various amino (-NH2) 

groups in the M.Oleifera seed extract, form complexes with copper(II) and mercury(II), while 

chromium(III) undergoes polymeric hydrolysis and forms complexes (Sajidu et al., 2008). 
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These two studies were both conducted using metal solutions prepared in a laboratory. 

Seedpods as well as unpeeled and peeled seeds of M.Oleifera can be seen in Figure 2.  

 

 
 
Figure 2. Seedpods (left), unpeeled seeds (middle) and peeled seeds (right) of Moringa Oleifera. 

2.4 Equipment for analysis – Microwave Plasma-Atomic Emisson 

Spectrometer 

The Microwave Plasma-Atomic Emission Spectrometer (MP-AES) is an instrument used to 

determine low concentrations of metal ions. The technique makes use of the fact that each 

element requires a unique amount of energy to transfer to an exited state (Simonsen, 2005) 

and that different wavelengths of light have different energies. The mechanisms of the 

technique will be briefly described below. 

 

A solution containing metal compounds is pumped into the spectrometer, where it is atomized 

in high temperature plasma (Agilent Technologies, 2011). The atomized metal ions will gain 

extra energy from the process and transfer into an excited state. This state is not stable and the 

atoms will return to their original state, while emitting electromagnetic radiation of a 

characteristic wavelength (Simonsen, 2005). The emitted radiation then passes through a 

monochromator which only allows radiation of the desired wavelength to pass. The intensity 

is then measured by a detector. A higher metal ion concentration in the sample will result in 

higher radiation intensity, and hence allow determination of the concentration given that the 

relationship between concentration and intensity is known. This relationship is shown in 

equation (1), where I is the radiation intensity, c is the concentration and k is a constant. The 

relationship can be determined using a calibration curve, which is established by measuring 

the radiation intensity caused by standard samples of known metal concentrations. The MP-

AES used in this project is shown in Figure 3. 

 

𝐼 = 𝑘 ∙ 𝑐 (1) 

 

The MP-AES determines the total concentration of a certain element in the sample, and it was 

therefore not possible to determine the chromium speciation in any of the performed analyses. 
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Figure 3. The 4100 Microwave Plasma-Atomic Emission Spectrometer from Agilent Technologies used 

in this project at University of Malawi, Chancellor College in Zomba. 

3. METHODOLOGY 

3.1 Sampling site  

The wastewater from the tannery in Liwonde passed through the tannery’s own treatment 

facility consisting of two ponds and one infiltration bed, and was thereafter pumped through a 

pipe directly to Liwonde’s wastewater treatment plant. This facility consisted of four larger 

sedimentation ponds connected in a chain, where raw wastewater was led through all of the 

ponds and then discharged into the river Shire. In order to determine the outgoing chromium 

concentration from the tannery, wastewater samples were collected at a pump station located 

immediately after the tannery’s own treatment facility - before the wastewater entered the 

municipal sewage system. The samples were collected in October 2013. Although it would 

have been of interest to also investigate the chromium reduction capacity of Liwonde’s 

wastewater treatment plant, no samples were collected from there since it was outside the 

scope and timeframe of this project.  

3.2 Wastewater characterisation  

3.2.1 Initial analysis 

Initial analyses were made to determine the pH-value and electrical conductivity in the raw 

wastewater. A sample was gently stirred using a Gallenkamp magnetic stirrer, and the 

analysis of pH and electrical conductivity was made using a Hanna HI 991301 pH/EC/TDS 

meter. No pH measurements were performed in the later stages, i.e. after treatment, due to 

resource limitations. 



 12  

 

3.2.2 Determination of total metal concentration 

3.2.2.1 Sample preparation  

Acid digestion using 55 % nitric acid was performed to dissolve larger particles in a sample, 

thus allowing determination of the total concentration of chromium. The acid digestion was 

performed following the procedure described by Sajidu (2008). 5 mL of nitric acid was added 

to 100 mL of raw wastewater and heated until the solution started to boil. The heating 

continued until a volume reduction of about 80 % had occurred. Once this had occurred the 

sample was visually inspected and found to be clear, which indicated that all larger particles 

had been dissolved. A final addition of 1 mL of nitric acid was then made to the sample in 

order to dissolve any remaining particles. The sample was then filtered through double 

Whatman Cat No 1001-185 filter papers into a 100 mL flask and diluted to the original 

sample volume, i.e. 100 mL. Finally, the sample was filtered through a membrane filter using 

vacuum suction in order to remove particles larger than 0.45 μm. This was done as a 

precaution in order to ascertain that no blockages would occur in the MP-AES instrument.  

3.2.2.2 Characterisation 

The concentrations of chromium were then determined using a 4100 MP-AES from Agilent 

Technologies. In order to validate the result, the acid digestion and filter procedure was 

repeated for four additional samples, after which the chromium concentrations were 

measured. To obtain further knowledge about the emissions from the tannery, the 

concentrations of other elements were also determined. The investigated elements were Al, 

Cd, Cu, Fe, Mn, Pb and Zn. This analysis was performed on two samples. The elements 

shown to have very low total concentrations were excluded from further analyses. The 

wavelengths used in the MP-AES measurements for the different metals can be found in 

Appendix 8.1.  

3.2.3 Determination of dissolved metal concentrations  

In order to determine the concentrations of chromium not bound to particles, two samples of 

the raw wastewater were filtered through double Whatman Cat No 1001-185 filter papers and 

then through a membrane filter, using a vacuum pump, to remove particles larger than 0.45 

µm. The chromium concentrations were then analysed using the MP-AES. The other metals 

shown to have total concentrations of any significance were also included in this analysis. The 

dissolved chromium concentration was later used as comparison in the removal agent tests. 

This was done since removal of the chromium attached to particles and organic matter can be 

achieved by filtration alone and should therefore not be assigned to the removal agent. 

3.3 Identification of suitable removal agents  

In spite of the slightly better performance of M.Stenopetala shown by Sajidu et al. (2006), 

M.Oleifera was chosen as removal agent. This decision was based on the fact that M.Oleifera 

is readily available and abundant in Malawi, while M.Stenopetala needs to be imported. 

M.Oleifera was thus found to be a more feasible option for large scale wastewater treatment 

in Malawi.  

 

The implementation of the use of Moringa on a larger scale would be simplified if the seed 

powder could be mixed with another removal agent in the treatment process, as this would 

lower the amounts of Moringa needed for a successful treatment. A decision was made to 

study the performance of sand that had earlier been collected in river Shire. The river sand 

was chosen over clays because of its accessibility. The sand is abundant in the area and 

therefore inexpensive to use as a complementary removal agent in wastewater treatment. Such 
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a solution would also minimize the negative effects that occur due to the additional organic 

material in the water caused by Moringa. Thus, the metal remediation properties of both pure 

M.Oleifera and river sand, as well as mixtures of sand and various dosages of M.Oleifera 

were investigated.  

 

The metal remediation properties of the removal agents were investigated solely at the natural 

pH of the wastewater, as adjustments of the pH would not be feasible on a larger scale. 

3.4 Primary preparation of removal agents 

M.Oleifera seeds were collected near Liwonde in October 2013. The seeds were divided into 

two batches and prepared separately. Half of the seeds were peeled by hand and rotten seeds 

were disposed. The other half was left unpeeled. The peeled seeds were then sundried for a 

total of approximately 24 hours and dried indoors for 10 days, while the unpeeled seeds were 

dried indoors for 14 days. Both batches of seeds were then ground to a fine powder using a 

1.5 L household blender and sieved through a 1 mm aperture sieve in order to ascertain that 

the results from all samples were comparable. The dry sand from river Shire was also sieved 

through a 1 mm aperture sieve to remove larger grains. Thus, the sand added to all samples 

was assumed to have similar adsorption capacity. The sieved powder of both peeled and 

unpeeled M.Oleifera can be seen in Figure 4. 

 

 
 
Figure 4. Sieved powder of peeled Moringa Oleifera to the left and unpeeled Moringa Oleifera to the 

right. 

3.5 Wastewater treatment using removal agents 

Analyses were performed on 100 mL raw, undiluted wastewater samples. Chromium was the 

only metal found in significant concentrations in the untreated wastewater. Hence, no other 

metals were included in the following analyses. Due to resource limitations the same 

calibration curve was used in all wastewater analyses performed with the MP-AES. The fact 

that the analyses were performed over a period of two weeks might therefore have an impact 

on the accuracy of the measurements, as conditions affecting the MP-AES might have 

changed over time. 

3.5.1 Preliminary analysis 

In the preliminary test, the chromium reduction capacity of mixtures of sand and various 

dosages of M.Oleifera was investigated. Samples containing pure sand and pure peeled as 

well as unpeeled M.Oleifera powder were also analysed. 
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In order to find a suitable dosage of M.Oleifera powder, five different dosages of peeled and 

unpeeled seed powder were tested at the natural pH of the raw wastewater. The investigated 

dosages were 0, 0.5, 1.0, 2.0 and 3.0 g to 100 mL wastewater. The different dosages were 

added to 5.0 g of sand, all balanced using an ADAM PGW753i scale. An additional sample 

containing solely 2.0 g of seed powder was prepared for both peeled and unpeeled seeds. 100 

mL of wastewater was then measured using 100 mL flasks and added to the sand and 

M.Oleifera powder. In order to reduce the risk of measurement errors, doubles were made for 

all dosages. Thus, a total of 24 samples were prepared at this stage. 

 

The samples were then shaken for 60 minutes at 200 rpm using a Stuart mini orbital shaker 

SSM1 (Figure 5), and filtered through double Whatman Cat No 1001-185 filter papers to 

remove the removal agent with adsorbed metals (Figure 6). In order to remove particles down 

to a diameter of 0.45 µm the samples were then filtered through a membrane filter using a 

vacuum pump. This was done to ensure that no blockages would occur in the MP-AES. The 

concentrations of chromium in the treated samples were then measured using the MP-AES.  

 

 
 
Figure 5. Mixtures of wastewater and removal agents shaking on a Stuart mini orbital shaker SSM1. 
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Figure 6. Filtration of treated wastewater samples using double Whatman Cat No 1001-185 filter papers. 

3.5.2 Analysis of adsorption capacity of individual removal agents 

The results from the preliminary test, see section 4.2, showed a high chromium removal 

capacity for both mixtures and individual removal agents. Thus, it was deemed necessary to 

investigate different dosages of the removal agents individually. Lower concentrations of each 

removal agent were investigated in order to find the amount needed to achieve a sufficient 

removal of chromium from the wastewater. Based on the results from the preliminary test, 

showing high removal capacity for unpeeled seeds, samples containing only shells of 

M.Oleifera seeds were also made in order to investigate whether or not the shells could 

function as a wastewater purifier. The shells were prepared using the same method as for the 

seeds, see section 3.4.  

 

For peeled and unpeeled M.Oleifera the investigated dosages were 0.05, 0.125, 0.250, 0.500, 

1.0, 2.0, 3.0, 4.0 and 5.0 g. The investigated dosages for M.Oleifera shells and river sand were 

1.0, 2.0, 3.0, 4.0 and 5.0 g. The removal capacity of 2.0 g of M.Oleifera seed powder as well 

as 5.0 g of river sand had been investigated in the preliminary analysis and were not analysed 

again in this test. Double samples were made for each dosage, giving a total of 50 samples. 

3.5.3 Optimum contact time 

The optimum contact time analysis was made on samples treated with pure M.Oleifera seed 

powder as well as a mixture of M.Oleifera and river sand. As the previous results showed no 

significant difference in removal performance between peeled and unpeeled seeds, see section 

4.3, this optimum contact time analysis was performed using unpeeled seeds only. The 

optimum dosages of both M.Oleifera and river sand were defined, using the previous results, 

as the dosages where an increased amount did not lead to a significant increase in chromium 

removal. 

 

Due to an insufficient amount of wastewater, the sample volume was reduced by half 

compared to the previous tests and the dosages were adjusted accordingly. Thus, the analysis 
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was made using 50 mL samples with the optimum M.Oleifera dosage 0.25 g, corresponding to 

0.5 g in 100 mL samples. The mixture consisted of the optimum dosage of seed powder and 

0.5 g (i.e. 1.0 g to 100 mL) of river sand. The tested contact times were 5, 15, 30, 60, 90 and 

120 minutes. Samples were shaken for the specified contact times and thereafter treated using 

the same procedure as described in section 3.5.1, in order to determine the remaining 

chromium concentrations. Double samples were made for each contact time, giving a total of 

24 samples.  

4. RESULTS 

4.1 Wastewater characteristics 

The initial pH-value and electric conductivity of the wastewater samples was measured to 5.3, 

and 10.88 mS/cm, respectively. The concentrations of metals in the undigested and digested 

wastewater are given in Table 1. Only chromium and aluminium were detected in total 

concentrations of any significance, and the other elements were therefore not included in the 

analysis of undigested wastewater. The total chromium concentration was 2.25 ppm and the 

concentration of dissolved chromium was 0.251 ppm. The total concentration of aluminium 

was 1.80 ppm while the concentration of dissolved aluminium was 0.02 ppm. The 

concentration of dissolved aluminium was considered as insignificant and aluminium was 

therefore not included in the following analyses. 

 
Table 1. Average of measured metal concentrations for undigested wastewater (dissolved concentration) 

and digested wastewater (total concentration) after filtration. N/A indicates that the concentration was 

assumed to be insignificant and was therefore not analysed. 

Element Dissolved [ppm] Total [ppm] 

Cr 0.251 2.25 

Al 0.02 1.80 

Cd N/A 0.00 

Cu N/A 0.10 

Fe N/A 0.325 

Mn N/A 0.24 

Pb N/A 0.085 

Zn N/A 0.295 

 

4.2 Preliminary analysis 

The average removal capacities of mixtures of a constant amount of river sand (5.0 g) and 

various dosages of peeled and unpeeled M.Oleifera seed powder are presented in Figure 7. 

The result for one of the samples, 5.0 g of sand and no peeled M.Oleifera powder, differed 

greatly from the other samples with the same composition. It was therefore regarded as a 

measurement error and removed. The removal capacity of river sand with peeled and 

unpeeled seed powder follow the same pattern over different dosages, with a maximum 

removal of 70 % and 72 %, respectively. Unpeeled seeds show a slightly better performance 

at all dosages, including the samples with no sand added. No significant change in removal 

capacity is visible for M.Oleifera dosages above 0.5 g / 100 mL and no large increase in 

performance is seen for mixtures compared to pure M.Oleifera at the dosage of 2.0 g of seed 

powder. Detailed information about removal agent dosages and resulting chromium 

concentrations, including the sample that was regarded as an outlier, can be found in 

Appendix 8.3. 
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Figure 7. Chromium removal with 5.0 g of river sand and different dosages of M.Oleifera. The blue 

graph shows removal using peeled seeds and the red graph shows removal using unpeeled seeds. The 

triangles indicate removal for M.Oleifera only. 

4.3 Analysis of individual removal agents 

The average removal capacities for different dosages of peeled and unpeeled M.Oleifera seed 

powder are presented in Figure 8. Two of the samples with unpeeled M.Oleifera, one with 1.0 

g and one with 4.0 g, differed greatly from the other samples with the same composition. 

They were therefore regarded as measurement errors and removed. The highest removal rate 

for both peeled and unpeeled seeds occurred at a dosage of 2.0 g of seed powder. However, 

the removal rates for this dosage were determined in the preliminary test, i.e. at a different 

date than the other samples in this analysis. The maximum Cr removal for peeled M.Oleifera 

was 63 % at a dosage of 2.0 g, followed by 56 % at a dosage of 0.25 g. For unpeeled 

M.Oleifera, the maximum Cr removal was 70 % at a dosage of 2.0 g, followed by 61 % at a 

dosage of 0.5 g. For peeled M.Oleifera, the Cr removal roughly varied between 50 and 60 %, 

whereas the Cr removal for unpeeled seeds declined for the higher dosages. Detailed 

information about removal agent dosages and resulting chromium concentrations, including 

the two samples that were regarded as outliers, can be found in Appendix 8.4. 
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Figure 8. Chromium removal with different dosages of M.Oleifera. The blue graph shows the average 

chromium removal using peeled seeds and the red graph shows the average removal using unpeeled 

seeds. The removal rates for 2.0 g of removal agent were determined in the preliminary test.  

 

The average removal capacities for different dosages of river sand and M.Oleifera shell 

powder are presented in Figure 9. Two of the samples, with 1.0 g and 2.0 g of river sand 

respectively, differed greatly from the other samples with the same composition. They were 

therefore regarded as measurement errors and removed. The highest removal rate for river 

sand was 41 % and occurred at a dosage of 1.0 g, although all but one dosage showed similar 

removal rates. The differing dosage, 5.0 g, had a significantly lower reduction. However, the 

removal rates for this dosage were determined in the preliminary test, i.e. at a different date 

than the other samples in this analysis. For M.Oleifera shell powder, the results fluctuated 

between positive and negative removal rates. No removal capacity was observed. Detailed 

information about removal agent dosages and resulting chromium concentrations, including 

the two samples that were regarded as outliers, can be found in Appendix 8.4. 
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Figure 9. Chromium removal with different dosages of river sand and M.Oleifera shells. The blue graph 

shows removal using river sand and the red graph shows removal using shells. The removal rate for 5.0 g 

of sand was determined in the preliminary test. 

4.4 Optimum contact time 

The average removal capacities at different contact times for the optimum dosage of unpeeled 

M.Oleifera and for a mixture of the optimum dosages of unpeeled M.Oleifera and sand are 

presented in Figure 10. The contact time resulting in the largest chromium removal for 

unpeeled M.Oleifera was 120 minutes and resulted in a reduction of 39 %, although no 

significant increase in reduction occurred after 60 minutes. The contact time resulting in the 

largest chromium removal for the mixture of sand and unpeeled M.Oleifera was also 120 

minutes and resulted in a reduction of 41 %. In this case, the reduction after 90 and 120 

minutes was of a similar size and higher than for the shorter contact times. The mixture’s 

chromium removal for a contact time of 60 minutes diverged from the pattern of the other 

contact times. It was therefore regarded as a measurement error and removed. Detailed 

information about removal agent dosages and resulting chromium concentrations, including 

the two samples for 60 minutes contact time that were regarded as outliers, can be found in 

Appendix 8.5. The differences in reduction between different contact times were fairly small, 

and the results in this section should therefore be interpreted with caution. 
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Figure 10. Chromium removal with different contact times for the optimum dosage of unpeeled 

M.Oleifera with and without 0.5 g of river sand. The blue graph shows removal using M.Oleifera and 

river sand and the red graph shows removal using M.Oleifera only.  

4.5 Total chromium removal 

Looking at the treatment method as a whole, the total reduction in chromium concentration 

was larger than the reduction attributed to the removal agent. A comparison between the 

lowest chromium concentrations after treatment (0.0695 ppm in the preliminary test) and the 

initial total chromium concentration in the wastewater (2.25 ppm) gave a maximum total 

chromium removal of 97 %. This removal can be attributed to two components, where the 

filtration removed 89 % of the chromium originally present in the wastewater (i.e. the total 

chromium) and the removal agent removed an additional 72 % of the chromium remaining 

after filtration (i.e. the dissolved chromium). 

5. DISCUSSION 

The initial analyses of the tannery wastewater showed that the chromium concentrations were 

considerably lower than expected, although still above the WHO guideline value for drinking 

water as well as the Swedish threshold value for industrial wastewater. Although it might not 

be appropriate to apply the Swedish threshold value on Malawian conditions, it was used for 

comparison since there was no established Malawian guideline value. Of the other 

investigated metals, only aluminium was found in a total concentration above trace levels. 

However, the concentration of dissolved aluminium was very low and it was therefore not 

included in the analyses of the removal agents. The low concentrations suggest that the 

tannery’s own treatment facility is successful in purifying the wastewater, although this would 

need to be investigated further since the wastewater entering the treatment facility has not 

been analysed. 

 

The big difference between the total and dissolved chromium concentration indicate that a 

large part of the chromium is present as particles or attached to particles in the wastewater. 

This indicates that the chromium to a large extent is present in the water as the less toxic 
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trivalent form, which attaches to different types of organic matter more easily than the 

hexavalent one. A prevalence of trivalent chromium could be expected as the tannery most 

likely uses substances containing Cr(III) in its processes. However, the fact that some 

chromium remained in solution even after treatment with the removal agents could be 

explained by small amounts of Cr(VI) in the wastewater, possibly formed from Cr(III) in the 

tannery processes. However, as no equipment for analysis of the chromium speciation was 

available it was not possible to study these indications further and no firm conclusions can 

therefore be made regarding the occurrence of Cr(VI). 

 

The pH measured in the raw wastewater, 5.3, was in the interval where Sajidu et al. (2006) 

showed that the sorption of Cr
3+

 to Moringa quickly rises towards complete sorption (pH 4-6). 

It is therefore possible to use M.Oleifera to treat the tannery wastewater without altering the 

pH, a process that would have required costly and time-consuming alterations in the tannery’s 

routines and a continuous use of limestone or other chemicals. However, a slightly higher pH 

might have resulted in an improved chromium removal.  

 

The preliminary analysis, Figure 7, indicated that an addition of M.Oleifera seed powder to 

river sand slightly improved the removal capabilities in the wastewater treatment, regardless 

of whether the seeds were peeled or unpeeled. The results showed a slightly better 

performance for unpeeled seeds than for peeled seeds at all dosages. This result was 

unexpected and a decision was made to investigate the removal capabilities of the M.Oleifera 

shells alone. If such attributes were to be found, the shells could be used for water purification 

while the seeds could be used for other purposes, e.g. as a nutritious food source.  

 

In the preliminary test, the removal efficiency did not improve with an increase of the 

M.Oleifera seed powder dosage. This indicates that the removal capability had already 

reached its maximum. The dosages tested were therefore unnecessarily high, and lower 

dosages were later tested in order to find the dosage necessary for sufficient treatment. It was 

also shown that a dosage of 2.0 g M.Oleifiera / 100 mL wastewater had a similar removal 

efficiency with or without sand. The fact that some of the chromium remained in the solution 

even after treatment using the removal agents suggests that there might also be traces of 

Cr(VI) in the wastewater, although no specific analyses could be made to establish the 

chromium speciation. The chromium remaining in solution could also be explained by the 

presence of organic ligands that bind to the trivalent chromium and prevent it from adsorbing 

to other particles (United States EPA, 2000). Regardless, the possible Cr(VI) concentrations 

were low and the wastewater from the tannery is therefore not likely to pose an immediate 

threat to the local environment or human health. 

 

In the individual analysis of the removal agents, unpeeled M.Oleifera seed powder showed an 

overall higher removal rate than peeled M.Oleifera seed powder for the lower dosages, see 

Figure 8. An increase in removal can be seen from the low to the intermediate dosages for 

both peeled and unpeeled seeds. The highest removals occurred at the dosage of 2.0 g seed 

powder / 100 mL wastewater. However, this result might not be fully reliable since that 

dosage was analysed at a different date and the conditions affecting the MP-AES might have 

differed, making the use of an old calibration curve an additional uncertainty. No increase in 

chromium removal was seen for the higher dosages. For unpeeled seeds the removal ability 

even decreased markedly, whereas it was relatively steady for peeled seeds. The decreased 

removal seen for unpeeled seeds is difficult to explain, but might be a result of the large 

amounts of organic matter added to the samples. As the removal for peeled seeds did not 

decrease in a similar manner, it is likely that the shells in the unpeeled seed powder were not 



 22  

 

contributing to the removal but rather disturbed the processes when the amount was too high. 

This theory was further strengthened by the results from the test with pure shell powder seen 

in Figure 9. The fluctuations in removal (which is mostly below zero) indicate that pure shell 

powder is not suitable as a removal agent for metals, at least not at the concentrations 

investigated in this test. 

 

The removal capacity of pure river sand was fairly stable around 40 %. The only deviation 

was seen for the 5.0 g dosage, which could also be explained by the fact that those samples 

were analysed at a different date. Hence, the individual removal agent test showed 

significantly better results for M.Oleifera compared to river sand. The difference between the 

peeled and unpeeled seeds could be explained by the fact that the unpeeled seed powder 

contains one additional type of organic matter (i.e. the shells) that to a certain degree could 

assist in the sorption of Cr(III), which easily attaches to organic matter. In too large amounts 

however, the shells might disturb the processes and cause a lower efficiency in chromium 

reduction. This indicates that the investigated dosages of M.Oleifera shell powder in the 

individual test might have been too high, and that smaller quantities might have resulted in a 

certain degree of chromium removal. As the difference in removal between peeled and 

unpeeled seeds is very small, the effect of the shells alone might also be too small to detect. 

 

The analysis of the optimum contact time for unpeeled M.Oleifera, Figure 10, showed an 

increasing trend in chromium removal with an increased contact time both with and without 

sand. Overall, the mixture of seed powder and sand had a higher removal capacity than the 

pure seed powder. The graphs also show that the increase in removal halts completely as the 

contact time increases, even though the removal percentage was significantly lower than in 

previous tests. The lower removal capacity could be an effect of the reduced sample volume, 

which might have altered the conditions of the test. It should be noted that the difference in 

removal between the various samples is small, which makes the interpretation of patterns 

difficult and uncertain. Furthermore, as the same calibration curve was used throughout the 

various analyses the uncertainty introduced by changing conditions for the MP-AES 

measurements might have varied over time. This is a possible explanation to why samples 

analysed at different dates in some cases show a deviation, and as the optimum contact time 

analysis was performed last the impact of the old calibration curve might have been largest at 

that stage.  

 

However, M.Oleifera appears to be an overall suitable purification agent for chromium 

contaminated water. Peeled and unpeeled M.Oleifera seeds both performed better than sand 

and shells alone. Figure 7 and Figure 8 show that unpeeled seeds perform better than peeled 

seeds up to a dosage of 3.0 g / 100 mL wastewater, where the reduction for unpeeled seeds 

starts to decline. Since the increase in reduction had stopped at a much lower dosage, there is 

no point in using peeled seeds. On the contrary, unpeeled seed powder give a larger reduction 

of chromium concentrations and require far less preparations. It could however be meaningful 

to use a mixture of unpeeled seed powder and river sand. The mixture of unpeeled seeds and 

river sand in Figure 7 performed better than any of the individual removal agents shown in 

Figures 8 and 9. Figure 10 further strengthens the theory that a mixture performs better than 

the individual removal agents. In this figure, the reduction is generally higher for the mixture 

than for the pure unpeeled seed powder. A mixture of M.Oleifera and river sand would thus 

give an improved removal of chromium and also lower the treatment costs as the sand is 

readily available and does not have to be processed. 
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When comparing these results to the earlier studies mentioned in this report (see for example 

Sajidu et al., 2006; Sajidu et al., 2008) some differences can be noted. The fact that no 

complete removal occurred in this study could be explained by the fact that the tests by Sajidu 

et al. (2006) were performed on laboratory prepared solutions without any other substances 

that might disturb the process, whereas this project used wastewater containing a mixture of 

various chemicals and particles. Such chemicals and particles could interfere with the 

coagulants from the Moringa and thereby reduce the amount of coagulants available for 

adsorption of dissolved chromium species. This field study also used different initial 

chromium concentrations and removal agent dosages than Sajidu et al. (2006). These 

differences might have affected the chromium removal efficiency. This project furthermore 

used a simplified procedure for the extraction of coagulants compared to other studies that 

have been conducted in this field. This was done since the primary objective was to find a 

solution that would be easily applicable in reality, although it might result in a lower 

efficiency. As explained earlier, the incomplete removal could also be due to the presence of 

small amounts of Cr(VI) and dissolved organic matter in the wastewater. 

 

An implementation of the whole treatment process investigated in this project would still 

greatly reduce the amount of chromium compared to the total chromium concentrations that 

were found in the wastewater, even though no complete removal was observed for the 

removal agents. By combining filtration and an addition of M.Oleifera seed powder and river 

sand a total reduction of 97 % can be achieved. For this specific tannery, the largest reduction 

was attributed to the filtration. Thus, the tannery in Liwonde could benefit from simply 

adding another filtration stage through a fine mesh material to its treatment facility. Although 

there might not be an urgent need for an improved treatment at this specific tannery as the 

outgoing chromium concentrations are already low, both filtration and treatment using 

M.Oleifera might be cost-efficient ways to improve the wastewater treatment elsewhere. It 

should however be noted that the required dosages might be different in a large-scale 

treatment and if the initial chromium concentrations are higher than for the wastewater used 

in this study. 

6. CONCLUSION 

The concentrations of chromium in the tannery wastewater were lower than expected. Most of 

the chromium was bound to particles and is therefore likely present as the less harmful 

Cr(III), but there might also be traces of Cr(VI) in the wastewater. However, no analysis of 

chromium speciation was performed and has therefore not been possible to determine the true 

composition. The fact that no of the other investigated metals (Al, Cd, Cu, Fe, Mn, Pb and Zn) 

were found in high concentrations is all together positive for the tannery and its surroundings 

as no high concentrations of toxics are emitted into the environment. The removal agent 

analyses showed positive results for removal of dissolved chromium in the wastewater. The 

positive outcome of the tests using unpeeled seeds is beneficial for a large scale 

implementation as the preparation of unpeeled seeds requires less work and therefore is more 

cost-effective. This study has shown that M.Oleifera has potential as a natural chromium 

removal agent that can be applied in many developing countries at a low cost. M.Oleifera can 

therefore, where it is readily available, play an important role as a water purification agent in 

many industries and other applications, and thereby also contribute to an improvement of both 

public and environmental health. 
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8. APPENDIX 

8.1 Wavelengths used in the MP-AES 
Table 8.1. The wavelengths used for the different elements in the MP-AES measurements. 

Element Wavelength [nm] 

Cr 425.433 

Al 396.152 

Cd 228.802 

Cu 324.754 

Fe 259.940 

Mn 403.076 

Pb 405.781 

Zn 213.857 
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8.2 Wastewater characteristics 

The total chromium concentrations were observed in a range from 2.13 to 2.38 ppm with an 

average of 2.25 ppm. The initial concentrations of the metal samples can be seen in Table 8.2.  

 
Table 8.2. The initial concentrations of the investigated metals [ppm]. 

Sample Cr Al Cd Cu Fe Mn Pb Zn 

Tot 1 2.38 2.02 0.00 0.11 0.31 0.26 0.09 0.29 

Tot 2 2.32 1.58 -0.01 0.09 0.34 0.22 0.08 0.30 

Tot 3 2.19        

Tot 4 2.22        

Tot 5 2.13        

Unbound 1 0.247 0.02       

Unbound 2 0.254 0.03       
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8.3 Preliminary analysis 
Table 8.3. Sample data for the preliminary analysis. 

Removal agent Sample msand [g] mM.O [g] Cr [ppm] Removal %  Date 

Peeled M.O 1.1 4.999 0 0.291 -16.2 26/11/2013 

Peeled M.O 1.2 5.000 0 0.121 51.7 26/11/2013 

Peeled M.O 2.1 4.998 0.4999 0.073 70.9 26/11/2013 

Peeled M.O 2.2 5.001 0.5001 0.078 68.9 26/11/2013 

Peeled M.O 3.1 4.997 0.9999 0.091 63.7 26/11/2013 

Peeled M.O 3.2 4.998 1.0003 0.082 67.3 26/11/2013 

Peeled M.O 4.1 4.997 2.001 0.099 60.5 26/11/2013 

Peeled M.O 4.2 5.001 2.001 0.093 62.9 26/11/2013 

Peeled M.O 5.1 4.999 3.000 0.085 66.1 26/11/2013 

Peeled M.O 5.2 5.001 3.002 0.093 62.9 26/11/2013 

Peeled M.O 6.1 0 2.000 0.091 63.7 26/11/2013 

Peeled M.O 6.2 0 1.998 0.097 61.3 26/11/2013 

Unpeeled M.O 1.1 5.002 0 0.1 60.1 26/11/2013 

Unpeeled M.O 1.2 4.998 0 0.106 57.7 26/11/2013 

Unpeeled M.O 2.1 5.001 0.5000 0.069 72.5 26/11/2013 

Unpeeled M.O 2.2 5.002 0.5003 0.071 71.7 26/11/2013 

Unpeeled M.O 3.1 5.001 1.0003 0.074 70.5 26/11/2013 

Unpeeled M.O 3.2 4.997 1.0003 0.072 71.3 26/11/2013 

Unpeeled M.O 4.1 4.998 2.002 0.068 72.9 26/11/2013 

Unpeeled M.O 4.2 5.001 2.002 0.071 71.7 26/11/2013 

Unpeeled M.O 5.1 5.000 2.999 0.071 71.7 26/11/2013 

Unpeeled M.O 5.2 5.000 2.998 0.077 69.3 26/11/2013 

Unpeeled M.O 6.1 0 1.999 0.076 69.7 26/11/2013 

Unpeeled M.O 6.2 0 1.998 0.074 70.5 26/11/2013 
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8.4 Individual removal agents 
Table 8.4. Sample data for the analysis of individual removal agents. 

Removal agent Sample mremoval agent [g] Cr [ppm] Removal %  Date 

Peeled M.O 1.1 0.0502 0.209 16.6 5/12/2013 

Peeled M.O 1.2 0.0500 0.166 33.7 5/12/2013 

Peeled M.O 2.1 0.1250 0.125 50.1 5/12/2013 

Peeled M.O 2.2 0.1248 0.125 50.1 5/12/2013 

Peeled M.O 3.1 0.2501 0.107 57.3 5/12/2013 

Peeled M.O 3.2 0.2499 0.112 55.3 5/12/2013 

Peeled M.O 4.1 0.4998 0.121 51.7 5/12/2013 

Peeled M.O 4.2 0.5001 0.137 45.3 5/12/2013 

Peeled M.O 5.1 0.999 0.112 55.3 6/12/2013 

Peeled M.O 5.2 1.001 0.122 51.3 6/12/2013 

Peeled M.O 6.1 3.001 0.129 48.5 6/12/2013 

Peeled M.O 6.2 2.999 0.109 56.5 6/12/2013 

Peeled M.O 7.1 3.999 0.117 53.3 6/12/2013 

Peeled M.O 7.2 3.999 0.118 52.9 6/12/2013 

Peeled M.O 8.1 4.998 0.108 56.9 6/12/2013 

Peeled M.O 8.2 5.000 0.114 54.5 6/12/2013 

Unpeeled M.O 1.1 0.0498 0.113 54.9 5/12/2013 

Unpeeled M.O 1.2 0.0499 0.121 51.7 5/12/2013 

Unpeeled M.O 2.1 0.1250 0.121 51.7 5/12/2013 

Unpeeled M.O 2.2 0.1250 0.116 53.7 5/12/2013 

Unpeeled M.O 3.1 0.2501 0.135 46.1 5/12/2013 

Unpeeled M.O 3.2 0.2498 0.107 57.3 5/12/2013 

Unpeeled M.O 4.1 0.5001 0.099 60.5 5/12/2013 

Unpeeled M.O 4.2 0.5001 0.095 62.1 5/12/2013 

Unpeeled M.O 5.1 0.998 0.362 -44.5 6/12/2013 

Unpeeled M.O 5.2 0.999 0.11 56.1 6/12/2013 

Unpeeled M.O 6.1 3.000 0.098 60.9 6/12/2013 

Unpeeled M.O 6.2 2.998 0.152 39.3 6/12/2013 

Unpeeled M.O 7.1 3.998 0.144 42.5 6/12/2013 

Unpeeled M.O 7.2 4.000 0.382 -52.5 6/12/2013 

Unpeeled M.O 8.1 5.000 0.184 26.5 6/12/2013 

Unpeeled M.O 8.2 5.002 0.182 27.3 6/12/2013 

Shells 1.1 1.000 0.332 -32.5 5/12/2013 

Shells 1.2 1.001 0.303 -21.0 5/12/2013 

Shells 2.1 1.998 0.235 6.2 5/12/2013 

Shells 2.2 2.001 0.258 -3.0 5/12/2013 

Shells 3.1 3.001 0.194 22.6 5/12/2013 

Shells 3.2 3.000 0.217 13.4 5/12/2013 

Shells 4.1 4.001 0.372 -48.5 6/12/2013 

Shells 4.2 3.999 0.327 -30.5 6/12/2013 

Shells 5.1 4.999 0.36 -43.7 6/12/2013 

Shells 5.2 4.999 0.305 -21.8 6/12/2013 

Sand 1.1 1.000 0.506 -102.0 5/12/2013 

Sand 1.2 1.000 0.148 40.9 5/12/2013 

Sand 2.1 1.998 0.152 39.3 5/12/2013 

Sand 2.2 2.000 0.313 -25.0 5/12/2013 

Sand 3.1 3.001 0.174 30.5 5/12/2013 
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Sand 3.2 2.999 0.16 36.1 5/12/2013 

Sand 4.1 4.000 0.155 38.1 5/12/2013 

Sand 4.2 4.001 0.152 39.3 5/12/2013 
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8.5 Optimum contact time 
Table 8.5. Sample data for the optimum contact time analysis. 

Removal agent Sample msand 

[g] 

mM.O 

[g] 

tcontact 

[min] 

Cr 

[ppm] 

Removal 

%  

Date 

Unpeeled M.O 

+ sand 

5.1 0.500 0.250 5 

 

0.153 38.9 10/12/2013 

Unpeeled M.O 

+ sand 

5.2 0.498 0.251 5 0.159 36.5 10/12/2013 

Unpeeled M.O 

+ sand 

15.1 0.499 0.249 15 0.153 38.9 10/12/2013 

Unpeeled M.O 

+ sand 

15.2 0.498 0.250 15 0.158 36.9 10/12/2013 

Unpeeled M.O 

+ sand 

30.1 0.499 0.251 30 0.148 40.9 10/12/2013 

Unpeeled M.O 

+ sand 

30.2 0.501 0.250 30 0.165 34.1 10/12/2013 

Unpeeled M.O 

+ sand 

60.1 0.501 0.250 60 0.153 38.9 10/12/2013 

Unpeeled M.O 

+ sand 

60.2 0.500 0.251 60 0.166 33.7 10/12/2013 

Unpeeled M.O 

+ sand 

90.1 0.502 0.250 90 0.147 41.3 10/12/2013 

Unpeeled M.O 

+ sand 

90.2 0.500 0.251 90 0.152 39.3 10/12/2013 

Unpeeled M.O 

+ sand 

120.1 0.499 0.251 120 0.148 40.9 10/12/2013 

Unpeeled M.O 

+ sand 

120.2 0.499 0.251 120 0.149 40.5 10/12/2013 

Unpeeled M.O 5.1  0.249 5 0.144 42.5 10/12/2013 

Unpeeled M.O 5.2  0.249 5 0.163 34.9 10/12/2013 

Unpeeled M.O 15.1  0.250 15 0.164 34.5 10/12/2013 

Unpeeled M.O 15.2  0.250 15 0.161 35.7 10/12/2013 

Unpeeled M.O 30.1  0.249 30 0.158 36.9 10/12/2013 

Unpeeled M.O 30.2  0.250 30 0.159 36.5 10/12/2013 

Unpeeled M.O 60.1  0.251 60 0.150 40.1 10/12/2013 

Unpeeled M.O 60.2  0.251 60 0.159 36.5 10/12/2013 

Unpeeled M.O 90.1  0.250 90 0.156 37.7 10/12/2013 

Unpeeled M.O 90.2  0.250 90 0.157 37.3 10/12/2013 

Unpeeled M.O 120.1  0.251 120 0.156 37.7 10/12/2013 

Unpeeled M.O 120.2  0.251 120 0.152 29.3 10/12/2013 

 


