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MFA (material flow analysis) is a common approach for assessing stocks and fluxes of material and substances in the 

environment. MFA has demonstrated over the last many years that it improves understanding of the sources and sinks of 

the metal-containing goods. This article shows the in-depth analysis of the literature related to flow of lead in the 

environment. The review describes the significant inflows, outflows, and stocks of lead, based upon eighteen MFA studies 

done at various geographical levels throughout the world. The information compiled on major fluxes and stocks at various 

geographical scales may be used to improve future studies aimed at quantifying flows of lead. The insights presented in 

here may also guide the policy and management choices for lead for a city or region. [copyright information to be updated 

in production process]. 
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INTRODUCTION 

Lead is a naturally occurring substance and the 

world's lead deposits have been estimated to be 90 

million tons by lead content [1]. Australia controls 

40% of the world's reserves, followed by China 

(20%), Russia and Peru (7% each), Mexico and the 

United States (6% each), and so on [2]. According to 

[1], worldwide production of lead in terms of metal 

composition was around 4.8 million tons in 2018, 

which is roughly identical to the amount produced in 

2017. The country with the greatest production 

capacity is China, having an estimated yearly 

production of 2.28 million tons (48 % of world 

production). They are followed by Australia (9%), 

Peru (6%), the United States and Mexico (5% each), 

Russia and India (4% each) [1]. 

India is home to large lead reservoirs with its 

annual production of 265,651 tons of lead 

concentrates in the year 2019. Rajasthan is the only 

state responsible for whole lead production in India 

(IBM, 2020). Till 2018, India was the net importer 

of lead  [1]. In 2019, India has started exporting lead 

because of the increase in mining activities in the 

country [3]. Lead is totally recyclable and retains its 

qualities after recycling. Lead recycling is a growing 

sector in the country. However, because informal 

lead recycling poses a health concern, the lead 

recyclers are required to obtain permit from Central 

Pollution Control Board to assure compliance with 

environmental standards. 

Lead is a heavy metal that has been linked to 

cancer in humans. Anemia, weakness, renal and 

brain damage are just a few of the adverse 

consequences that occur in individuals exposed to 

extremely high levels of lead. Lead exposure at 

exceptionally higher levels can be lethal. As lead 

may cross the placental barrier, pregnant women 

exposed to it risk harming their unborn child as well. 

Lead is hazardous to an infant's developing nervous 

system [4, 5].  

So, lead is widely used in a number of products 

and has the potential of affecting the human health 

and the environment. As a result, it becomes 

important to understand the flow of Pb. However, 

there has not been any systematic review elaborating 

on lead flows in the anthropogenic environment. 

This study attempts to fill this gap in literature. 

The objective of the study is to critically review 

the flows of lead in the environment. The study aims 

to identify the key sectors, key inflows and outflows 

and key stocks important for the studies of Pb flow. 

Materials and methods 

This study is based on the review of the literature 

published till May 2021. For the literature, the search 

was made on the websites of the following 

publishers: Elsevier, Wiley, and SAGE Publications. 

The searches were also made on Google Scholar 

platform. Eighteen studies related to Pb flow were 

finally chosen for this assessment based on the 

following criteria: (i) studies using MFA as a 

method; (ii) studies being conducted at any spatial 

scale; (iii) studies estimating lead flows over one or 

more than one year of time-period. There were 

mainly three geographical scales found among these 

studies: (i) smaller system (e.g. a waste treatment 

plant), (ii) city level and, (iii) region level.  
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RESULTS AND DISCUSSION 

Critical sectors of Pb flow 

Any Pb flow analysis will produce a result based 

on how the system is described in terms of the spatial 

scale and the main sectors responsible for Pb flow. 

The critical sectors for Pb flow vary at different 

geographical scales (Table 1). The different 

geographical levels may be smaller system, city 

level, region level.  

Based on the assessment of the literature, a 

smaller system may consist of a university campus, 

treatment units (e.g., wastewater treatment plants 

and solid waste treatment facilities), and waste 

utilization units (composting units, smelting plants). 

In smaller systems, primary sectors may vary 

depending upon type of the treatment facilities. At 

the city scale, the primary sectors of Pb flow are 

private residences, waste treatment units 

(wastewater treatment plants or solid waste 

treatment facilities), landfills, and various categories 

of soil (e.g. agriculture soil, urban soil).  

The region scale is much larger than the city level 

and often encompasses Pb mining and import 

sectors. At regional level, the key sectors include 

housing, agriculture, and industry along with Pb 

mining and import sectors. On a region level, the 

production of Pb via mining ores is a critical sector, 

and the primary distinction between city and region 

scales is the presence of this field. However, 

sometimes production sector is included at the city-

level as the production units are in the city.  

Table 1. Multiple diverse sectors across various geographical scales  

Geographical 

Scale (Ref.) 

Location, 

Country 

Type of system Year of 

flow 

Key Sectors 

Smaller System 

[4] 

MNIT Jaipur, 

India 

Anthropogenic 

System 

2019 Public Household, WWTP 

Smaller System 

[6] 

Smelting Plant, 

China 

Anthropogenic 

System 

2013 Palletisation, Blast furnace, Primary 

Smelting 

Smaller System 

[7] 

Avedore WWTP, 

Denmark 

Wastewater system 2011 Pre-treatment, Primary treatment, 

anaerobic digester 

City [9] Hitachi, Japan WEEE management 2010 Agriculture soil, Forest soil, Urban soil, 

Households, Landfill, Industry 

City [10] Norrkoping, 

Sweden 

Recovered Waste 

wood Management 

2002 Biofuel boiler, Waste Incinerators 

Region [8] Swiss region, 

Switzerland 

Anthropogenic 

System 

1987 Household, Industry, Agriculture soil 

Region [11] Malaysia Wastewater system 2019 Klang River, Treatment Plant 

Region [12] China Lead Acid Batteries 2018 Lead Rod/Mixer factory, Battery factory, 

Customer, All collection 

Region [13] China Anthropogenic 

System 

2015 Primary lead, Batteries, Old scrap 

Region [14] China Anthropogenic 

System 

2014 Lead Acid Batteries (LAB) production, 

LAB use, recycling 

Region [2] Korea Anthropogenic 

System 

2014 Lead ore 

Region [15] China Anthropogenic 

System 

2010 Production, Use 

Region [16] China Anthropogenic 

System 

2010 Production, Use 

Region [17] Japan Anthropogenic 

System 

2007 Raw material, Material production, 

recycling 

Region [18] Austria Anthropogenic 

System 

2005 Industry business service, PHH, Waste 

management 

Region [19] China Anthropogenic 

System 

1999 Lead concentration, Refined lead, 

Manufacturing of LAB 

Region [20] Denmark Anthropogenic 

System 

1994 Batteries, building materials, cable sheets 

Region [21] Switzerland Waste Management 

System 

1988 Agriculture soil, Forest soil, Urban soil, 

Households, Landfill, Industry 
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Key inflows 

It is crucial to know the major inflows at various 

geographical scales to establish the priorities for 

control of Pb. Table 2 summarizes this information 

in terms of geographical and temporal dimensions, 

system type, total inflow, important inflows, and 

sectors receiving the inflows.  

The largest Pb influx to the city scale happens 

because of imported commodities. In a city-scale 

study that examined the Pb flow through the WEEE 

system in Hitachi (Japan) for 2010 [9], it was found 

that nearly 90% of the total Pb inflow is from used 

cars and scrap metals. For Pb contaminant fluxes in 

cities, the private residences and industries are the 

two important contributors to the influx of Pb. This 

highlights the importance of understanding all the Pb 

consumption scenarios, including any household-

level emissions. At the household level, the input 

flow is generally computed from the mass balance 

using the emissions through wastewater and solid 

waste. In this approach, the stocks of Pb in the public 

household are neglected in almost all the studies.  

While global trade for consumer products and 

used automobiles is a significant contributor to the 

Pb inputs to the environment, other key Pb input 

pathways occur at a regional scale. As an example, 

in a research conducted on Swiss area (Switzerland) 

which focused on the industrial sector, as well as the 

products consumption sector, over 97% of the total 

inflow was found to occur through used automobiles 

[8]. According to the results of [2], about 67% of the 

overall intake in the Pb flow occur through the 

anthropogenic system originating from mineral ore 

in the territory of Korea. In China, a countrywide 

scale study on the lead acid batteries management 

system [12], lead rod has been found as the primary 

input, where it accounts for almost 100% of the 

overall input in 2018. This study did not consider 

other important sectors, e.g. public household.  It can 

be inferred that in the absence of availability of 

mineral ore for Pb production, the predominant Pb 

inflow to the country is either lead rods or used 

automobiles, whereas the presence of mineral ore in 

a country makes it the predominant Pb inflow.  

Key outflows 

Table 3 depicts an analysis of the major outflows 

of lead at various geographical scales. Industry-

related products accounted for about 82 percent of 

output in Hitachi (Japan) in 2010 [9]. Outflow of 

lead emissions to air, water and soil from industrial 

production is unproductive and may be posing a 

serious public health concern for the people in the 

surrounding environment.   

Table 2. Key inflows across various geographical scales  

Geographical 

Scale (Ref.) 

Measuring units Total inflow 

quantity 

Key inflows % of total 

inflow 

Smaller 

System [4] 

Kg/year 53 Import of Private households and Inflow 

to sewer system 

100% 

Smaller 

System [6] 

Tons/ton of 

product 

1.2472 Palletization 87% 

Smaller 

System [7] 

Ton/day 0.000926 Influent to Pre-treatment 100% 

City [9] Tons 338 Used cars and scrap metals 88% 

City [10] Kg 24000 RWW 55% 

Region [8] Tons/year 340 Consumer goods, used cars 100% 

Region [11] Kg/year 3817547 Penchala River 62% 

Region [12] Tons/year 161050 Lead Rod/Mixer Factory 100% 

Region [13] Kt 4073 Ore to concentrate, Import to concentrate 90% 

Region [14] Tons 308.86 Lithosphere to mining, import to smelting 100% 

Region [2] Tons 96845 Import of lead ore, metal products 65% 

Region [15] Kt 3880.8 Lithosphere to production 100% 

Region [16] Kt 3137 Lithosphere to production 59% 

Region [17] Kt 242.4 Import to Raw Material and Interim 

product production 

77% 

Region [18] Kt/year 49 Industry business service 100% 

Region [19] Kt 553.54 Lead ore 100% 

Region [20] Tons/year 15500 Raw material 60% 

Region [21] Tons/year 338 Used cars and scrap metals 88% 
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So, from these results, it can be concluded that the 

industrial sector is important in terms of Pb 

discharge at the city. In order to meet better Pb 

management goals, greater attention should be paid 

to the recovery and recycling of Pb from 

environmental emissions. It has been shown that the 

major outflow of Pb occurs as Pb from industrial 

production.   

Accordingly, municipal solid waste (MSW) from 

private households has been recognized as the 

second-largest source of lead discharge in the Swiss 

area (Switzerland) [8]. At the region level, the type 

and amount of significant Pb outflows have been 

documented to differ significantly between 

countries. According to nine out of the thirteen 

region scale evaluations, industrial products has 

been identified as the most significant outflow. For 

example, emissions and outmoded cables account 

for around 34% and 46% of the total yearly outflow 

in China in 2014 [14] and 1999, respectively [19]. 

On the opposite side of the scale, 16% of the overall 

outflow is the  export-oriented transport equipment 

and battery items in Korea [2]. The findings are from 

a region scale study [2], which examined domestic 

Pb flow for the year 2014 in South Korea. In 2011, 

ash from incinerators  being disposed of in landfills 

constituted a major flow of Pb in Denmark[7]. Pb 

emissions to air, water and soil were found to be 

quite significant in Sweden in 2002 [10], and in 

China in 2014 [14]. A comparative assessment of 

main Pb outflows at different geographical scales 

demonstrated that large quantities of Pb leave the 

system as industrial products and other commodities. 

Key stocks 

As can be seen from Table 4, the stock quantities 

of Pb in the system at all three levels (smaller 

system, city and region) account for a large 

percentage of the overall amount of P that entered 

the system. In all city-scale assessments, it was 

discovered that the system stores more than 50% of 

the entire influx of Pb. At this scale, landfills and soil 

have been recognized as the primary processes for 

Pb stocks. About 65% of the total intake of Pb has 

been shown to be retained within the system in six 

of the thirteen region scale investigations. As 

discussed before, it demonstrates that the end-user 

consumption is the primary driver of Pb stocks at the 

region scale.  

 

Table 3. Key outflows across various geographical scales 

Geographical 

Scale (Ref.) 

Measuring units Total 

Outflow 

Key Outflows % of total 

outflow 

Smaller 

System [4] 

Kg/year 28 MSW from households, outflow from storm 

water drain 

53% 

Smaller 

System [6] 

Tons/ton of 

product 

1 Lead Ingot from casting 81% 

Smaler 

System [7] 

Ton/day 0.000034 Ash from incinerator 4% 

City [9] Tons 277 Products from industry 82% 

City [10] Kg 400 Emission to air and water 2% 

Region [8] Tons/year 280 Products from industry 83% 

Region [11] Kg/year 3817546 Other purposes 100% 

Region [12] Tons/year 156645 Lead acid battery and unknown products 98% 

Region [13] Kt 898 Export, Products 23% 

Region [14] Tons 103.39 Products and emissions 34% 

Region [2] Tons 15101 Transportation equipment, battery and metal 

products 

16% 

Region [15] Kt 3207.1 Production to export, Fabrication and 

manufacturing to export 

83% 

Region [16] Kt 2153 Production to export, Fabrication and 

manufacturing to export 

69% 

Region [17] Kt 152.8 Export from final product production 64% 

Region [18] Kt/year 46 Industry business service to PHH 94% 

Region [19] Kt 253 Obsolete cable and construction materials 46% 

Region [20] Tons/year 2610 Semi manufactures and manufactured 

products, scrap and other waste products 

17% 

Region [21] Tons/year 280 Steel and filter products 83% 
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Table 4. Key outflows across various geographical scales 

Geographical Scale  

(Ref.) 

Measuring units Total 

stocks 

% of total 

inflow 

Key stocks 

Smaller System [4] Kg/year 25 47% Soil 

Smaller System [6] Tons/ton of 

product 

0.1228 10% N/A 

Smaller System [7] Ton/day N/A N/A N/A 

City [9] Tons N/A N/A Landfill and soil 

City [10] Kg N/A N/A N/A 

Region [8] Ton/year 60 18% Agriculture soil, Forest soil, Landfill 

Region [11] Kg/year N/A N/A N/A 

Region [12] Tons/year N/A N/A N/A 

Region [13] Kt N/A N/A N/A 

Region [14] Ton 91.84 30% Lead in use stock 

Region [2] Ton N/A N/A N/A 

Region [15] Kt 1758 45% Production and In use 

Region [16] Kt 1996 64% Production and In use 

Region [17] Kt N/A N/A N/A 

Region [18] Kt/year 2.7 6% PHH, Waste Management 

Region [19] Kt 483.62 87% Chemical products, LABs, 

Construction material and cables 

Country [20] NA NA NA N/A 

Region [21] Tons/year N/A N/A Landfill and soil 

 

In China, about 64% of the entire annual influx of 

Pb remained inside the industrial production sector, 

while the other 36% of the total annual inflow of Pb 

ended up being exported in China in 2010 [15, 16]. 

Large amounts of lead are buried in landfills and 

land soils in Switzerland [8]. In Austria, a mass bulk 

of the Pb was held in private households [18]. It is 

obvious that on a regional and city scale, landfill and 

soil make up a major percent of the overall stock 

every year. The buildup of Pb in this manner over 

the course of many years might result in the soil 

having an excessive amount of Pb. A further 

complication to this problem is that runoff water can 

leach Pb into groundwater. Thus, rather than 

allowing any lead to be deposited in soil or landfill, 

it is preferable to recycle the substance [22]. An 

additional benefit of using soil Pb stockpiles for 

production is that it will minimize the demand for 

mineral lead input, which eventually helps to 

alleviate the problem of mineral lead shortages. As a 

result, future choices on Pb management at the 

regional and region levels should place greater 

emphasis on determining the Pb stock in the soil. 

CONCLUSION 

This study has effectively identified major Pb 

inflows, outflows and stocks. Our study shows that 

at city scale, the largest Pb influx happens as a result 

of imported commodities and at the region level, 

major inflow of lead occurs through the lead ore. At 

city scale as well as region scale, landfill and soil 

have been identified as the major stocks of Pb. 
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Modification of commercial grades of polycarbonate (PC) to the specific grades required for a particular end 

application along with optimized processing conditions has now become inevitable keeping in view the present cost, time 

and technological challenges. An effective and simpler method has been developed to enhance the properties of PC by 

reactive blending with siloxanes terminated with a reactive group. The work presented here has very good results with 

respect to enhancement of low-temperature (-30oC) impact strength of PC by incorporating hydroxyl terminated poly 

dimethyl siloxane (PDMSOH). PC after reactive blending with PDMSOH at certain processing conditions changes 

properties as concentration and viscosity of PDMSOH is varied. It was observed that modification of impact toughness 

by this method also had concomitant effects on other properties, e.g. tensile strength, tensile modulus, optical 

transmittance and haze. Dependence of change in properties on both or either viscosity and concentration of PDMSOH 

was also observed. Impact toughness at low temperature was improved up to 655 J/m at -30oC, i.e. up to 428% by 

increasing both concentration and viscosity of PDMSOH whereas tensile strength and tensile modulus showed a peculiar 

behaviour. Optical transmittance and haze were however influenced by only < 7% and < 5%, respectively, just by 

changing the concentration of PDMSOH and there was hardly any change with respect to its viscosity. Results obtained 

may be useful in selecting and modifying PC for an end application at sub-zero temperature. The material was 

characterised by Izod impact tester, SEM, capillary viscometer, tensile tester, transmittance and haze tester. 
 

Keywords: Impact toughness, Sub-zero temperature, Polycarbonate, Tensile strength, Transmittance 

INTRODUCTION 

Polycarbonate (PC) is a widely used engineering 

thermoplastic having excellent impact resistance, 

high optical transmittance [1] and good thermal 

stability. The material however starts losing its 

impact toughness at around -20oC temperature [2]. 

Enhancement of properties by blends and 

copolymers of PC have been extensively studied in 

the past few decades [3-8]. Impact modification for 

low temperature of PC has been attempted by 

researchers using different methods but they 

generally lead to some adverse effects on other 

mechanical, optical and thermal properties [9-12].  

Copolymerising bisphenol-A with siloxanes of 

different molecular weight by interfacial 

copolymerisation using phosgene, had been 

traditionally done and a few grades of such 

copolymers are commercially available. These block 

copolymers though enhanced the impact strength of 

PC at sub-zero temperature because of strong 

separation of micro-phases of polycarbonate and 

siloxane blocks but there was a considerable 

reduction in tensile strength. Such commercially 

available copolymers are there only with a very few 

grades, probably because their requirements are 

quite specific and lower in volume. First reactive 

blending of siloxane with polycarbonate in melt state 

was done by Hawkins et al. using carboxylic acid 

terminated siloxanes [11]. Later siloxanes 

functionalised with aryl amino group and hydroxyl 

aryloxy terminated PDMS were also used for 

reactive blending with polycarbonate [13,14]. 

Physical blending of siloxane with PC results in 

formation of larger domains of siloxane of size 

bigger than 10 µm whereas in reactive blending 

siloxane domains are much smaller and are in the 

size range of less than 3 µm to sub-micron sizes. 

Larger domain size clearly indicates the 

immiscibility of the two materials and the same is 

reflected in the end properties of the blended PC. 

Solubility of siloxanes in PC is very low, hence there 

is a clearly visible phase separation in the physical 

blends that can even be observed as a layer of silicon 

oil on the surface of PC. Miscible and immiscible 

blends can thus be distinguished by the morphology 

and domain size of siloxane blocks. Though the 

researchers have made good progress in reactive 

blending, yet there is ample scope of further work 

with respect to development of structure-property 

relationship, optimised conditions and reaction 

mechanism. Reactive blending as compared with 

conventional interfacial copolymerisation is a much 

simpler, less complex and efficient method to 

modify the properties of polycarbonate.  It is also  
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a very useful and cost-effective method for 

converting smaller volumes of PC to a grade having 

desired properties, as manufacturers of PC are 

generally conservative in developing the copolymers 

PC and siloxanes required in smaller quantities.  

It is therefore essentially required to develop such 

methods that can enhance the property of a 

commercially available grade of PC meeting the 

requirement of processing and end application. 

Blending of PC with other polymers and additives 

using a compatibilizer could be one way of doing 

such modification but it is observed that blends of 

PC have adverse effects on other properties, e.g. 

optical transmittance, tensile strength and surface 

finish, etc. Phase stability and miscibility in PC 

blends is also very limited and generally adequate 

only to some extent to meet the requirement of 

desired property enhancement [15-17]. PC-EMA 

(ethylene methyl acrylate) copolymer and PC-PBT 

(poly butylene terephthalate) blend using different 

compatibilizers were studied for their mechanical 

and flow properties [18,19]. Impact toughening 

could be achieved by all these methods but at the cost 

of adverse effects on other properties specially the 

optical transmittance. Nano-fillers were 

incorporated in PC blends to increase the toughening 

by making nano-composites [20-23]. Processing of 

such nano-composites into a product by 

conventional cost-effective techniques though have 

some technical challenges to overcome. PC being an 

engineering material of vast application owing to its 

excellent properties as mentioned before, therefore 

need of an appropriate method that can take care of 

all the desired properties becomes imperative. 

In the work presented here, PC is chemically 

modified by siloxanes to improve its low-

temperature impact strength. Different viscosity and 

concentrations of PDMSOH are used to modify PC 

and very useful observations are found with respect 

to low-temperature impact, tensile and optical 

properties. Tensile strength that generally reduces in 

block copolymers of PC and siloxane produced 

through interfacial copolymerisation interestingly 

gets enhanced in the PC modified by reactive 

blending with siloxane. The transesterification 

reaction that takes place between the hydroxyl group 

of PDMSOH and the carbonyl group of 

polycarbonate is also influenced by the 

concentration of the catalyst KOH. Low-viscosity 

PDMSOH, i.e. lower molecular weight siloxane 

used in the reactive blending has a comparatively 

larger number of terminated hydroxyl groups, thus 

concentration of catalyst becomes important and 

needs to be optimised. 

MATERIALS AND METHODS 

Materials 
 

Polycarbonate (PC) from the SABIC Company of 

grade LEXAN 144R was used for the experimental 

work. Two grades of hydroxyl terminated 

polydimethyl siloxane (PDMSOH) of viscosity 750 

cSt and 3500 cSt were used of Aldrich Chemicals. 

Different-viscosity compositions of PDMSOH were 

prepared by mixing the two different grades of 

PDMSOH in different proportions as described in 

Table.1 to determine the effect of viscosity of 

PDMSOH on the impact strength of PC. Kinematic 

viscosity of PDMSOH compositions was measured 

at 23oC by a glass capillary U tube viscometer as per 

the method ASTM D445. 
 

Sample Preparation 
 

Reactive blending between PC and PDMSOH 

was done in an agitated glass reactor at 260oC in 

presence of KOH catalyst at 0.1 wt% concentration 

under an inert atmosphere of nitrogen for about 40 

minutes. Both, viscosity and concentration of 

PDMSOH were varied to observe their impact on 

various properties. Viscosity variation from 750 to 

3500 cSt was done by making a total of six 

compositions, i.e. PDMS750, A, B, C, D and 

PDMS3500 as shown in Table 1. Concentration of 

PDMSOH was changed from 0.5 to 3.0 wt% at an 

increment of 0.5 wt%. Physical melt blend of PC and 

PDMSOH (3.0 wt%) was also prepared at 260oC to 

compare it with reactive blended samples. 

Physically blended sample (PC+PDMSOH) was 

prepared without KOH catalyst and mixing time was 

about 10 minutes to ensure a thorough mixing of the 

two phases. Since the reaction mass was highly 

viscous, both physical and reactive blending was 

done using pitch blade agitator at a speed of 150 to 

200 rpm.

 

Table 1. Compositions of PDMSOH having different viscosities 

Hydroxy terminated 

PDMS 

PDMS 750 PDMS-A PDMS-B PDMS-C PDMS-D PDMS 3500 

Composition  

[% PDMS750 : 

%PDMS3500] 

100:0 80:20 60:40 40:60 20:80 0:100 

Viscosity [cSt] 750 1210 1870 2560 3070 3500 
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A gas sensor was also provided at the vent of the 

reactor to observe the generation of CO2 gas during 

reactive blending. 
 

Characterisation 

Izod impact tester was used to measure impact 

strength both at room temperature and at -30oC. 

Notched samples were prepared of size 64×12.7×3.2 

mm as per ASTM-D256. Tensile strength and 

modulus were measured by a universal testing 

machine (UTM) of make Instron as per ASTM -

D638. Scanning Electron Microscope of make 

Tescan MIRA-3 was used to observe the phase 

compatibility of PC and PDMSOH. UV-VIS 

spectrophotometer of make Chemito, India was used 

to characterise covalent bonding between PC and 

PDMSOH. Samples were dissolved in Methylene 

dichloride and filled in the quartz cell to characterise 

them by the UV-Vis spectrophotometer. Optical 

transmittance and haze of modified PC were 

measured as per ASTM-D1003. 

RESULTS AND DISCUSSION 
 

Reactive Blending with Siloxanes 

Reaction between PDMSOH and PC chains is 

characterised by the Red Shift obtained in UV-VIS 

spectra as shown in Fig. 1. The covalent bonding 

between the two polymeric chains is verified in π- π* 

transition of aromatic fragments of PC in the UV-

VIS spectra. It can be seen that the characteristic 

peak of PC in UV-Vis spectra at 262 nm is not 

changed in the physically blended sample 

(PC+PDMSOH). However, for the reactive blended 

sample (PC/PDMSOH), there is an appreciable shift 

of 8 nm and the peak is found at 268 nm. The 

difference in the spectra of physically blended 

(PC+PDMSOH) and reactively blended 

(PC/PDMSOH) is indicative of the chemical binding 

between the two polymeric chains. This observation 

is in agreement with the results reported elsewhere 

[24,25]. The transesterification reaction between the 

carbonyl group of PC and the hydroxyl group of 

PDMSOH in presence of catalyst KOH takes place 

as shown in the proposed mechanism in Fig. 2 

[12,24,25], The mechanism is also supported by the 

observation of an increase in the concentration of 

CO2 gas in the vent of the reactor during reactive 

blending measured by a chemical sensor. 
 

Influence on Low-Temperature Impact Strength 
 

Modified Izod impact strength values of PC 

grade Lexan 144 R used in the experiment are 

tabulated in Table 2. Impact strength of the 

unmodified base PC resin at room temperature is 754 

J/m which is drastically reduced to 124 J/m at -30oC 

temperature. 
 

    
Fig. 1. UV-Vis spectra of PC, PDMSOH and their 

physical (PC+PDMSOH) and reactive (PC/PDMSOH) 

blends. 

  
Fig. 2. Proposed mechanism of the reaction between 

PC and PDMSOH with KOH catalyst. 

After the reactive blending with siloxane at the 

reaction conditions mentioned before, the impact 

strength at -30oC temperature increases with both 

concentration and viscosity of the PDMSOH, as 

shown in Table 2. Maximum impact strength of PC 

at -30oC temperature was achieved as 655 J/m at 3.0 

wt% concentration and 3500 cSt kinematic viscosity 

of PDMSOH. The enhancement in impact strength 

from 124 J/m to 655 J/m is quite appreciable and is 

better than the values that can be achieved by 

interfacial copolymerization. The different impact 

strength values reported in Table 2 provide a range 

of 162 J/m to 655 J/m achieved at different 

concentrations and viscosities of PDMSOH. 

Keeping in view the effect of impact modification on 

other properties, specially the mechanical properties 

like tensile strength and modulus, an appropriate 

composition of the reactive blend can be selected 

from the reported data as may be required for a 

particular end application of polycarbonate. Since 

both viscosity and concentration of PDMSOH play 

role in changing the different properties of PC, data 

reported in this paper can be usefully applied in 

selection of the grade of PC. The concentration of 

PDMSOH beyond 3.0 wt% is not stable and it leads 

to phase separation. As can be seen in the SEM 

micrographs of Fig. 3, uniformly dispersed phases of 

PDMSOH are seen at 0.5 and 3.0 wt% concentration 
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in Fig. 3(a) and 3(b), respectively, whereas phase 

separation is observed in Fig. 3(c) at 3.5 wt% 

concentration. Uniformly dispersed siloxane 

domains from 2 µm to sub-micron sizes are seen in 

Fig. 3(a) which are miscible with the reactive blend 

of PC and PDMSOH. This phenomenon occurs upto 

the concentration of 3.0 wt%. As shown in Fig. 3(b), 

domain sizes of 1 to 3 µm are found uniformly 

dispersed in the bulk PC blend. Unevenly dispersed 

siloxane domains of sizes bigger than 10 µm are 

shown in Fig. 3(c) at 3.5 wt% concentration which 

verifies that siloxane is immiscible and unstable 

beyond 3.0 wt% concentration. Immiscibility of 

siloxanes could also be seen visually as an oil-like 

layer on the surface of PC as a separated phase at 

higher concentrations of PDMSOH. 

The mechanism of impact toughening can be 

understood by the fact that siloxanes have extremely 

low glass transition temperature and also they are 

much softer material compared to the base PC resin. 

Impact stress on PC is transferred to the softer 

siloxane modifier that results in enhanced toughness 

and also low temperature ductility due to the sub-

zero glass transition temperature of PDMSOH. 

Incorporation of siloxane in the PC matrix with 

uniformly dispersed phases, good compatibility and 

adherence are a few factors that result in appreciable 

modification in low-temperature impact strength and 

it could only be achieved by reactive blending 

between the two phases. 
 

 

Fig. 3.  SEM of PDMSOH-PC blend (a) 0.5 wt% (b) 

3.0 wt% (c) 3.5 wt%. 

 

Table 2. Change in Izod impact strength at different concentrations and viscosities of PDMSOH 

PDMSOH 

concentration 

[wt %] 

Izod Impact Strength [J/m] at -30
o
C  

PDMSOH 

750 

A B C D PDMSOH 

3500 

0.5 162 170 174 178 181 185 

1.0 220 223 226 228 232 235 

1.5 316 321 331 339 346 355 

2.0 395 406 414 428 446 460 

2.5 415 426 440 477 508 540 

3.0 445 490 525 585 615 655 
 

 
Fig. 4. Effect of PDMSOH concentration on tensile strength of PC 
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Fig. 5. Tensile modulus of PC at different concentrations and viscosity of PDMSOH 

 
Fig. 6. Influence of PDMSOH concentration on transmittance and haze 

 

Concomitant Effects on Other Properties 

Tensile strength and modulus are also very 

important mechanical properties required for a 

particular application of PC. While modifying PC it 

is essentially required to observe the influence of 

modifier on these properties. As shown in Fig. 4, 

tensile strength of modified PC initially increases 

upto 2.0 wt% concentration of PDMSOH and then 

keeps decreasing upto 3.0 wt%. Improvement in 

tensile strength is achieved by the enhanced adhesion 

between the polymer chains by PDMSOH. Lower 

molecular weight chains of siloxanes in PDMSOH of 

viscosity 750 cSt are more evenly dispersed in the 

base polycarbonate resin which results to maximum 

enhancement in tensile strength. However, as the 

molecular weight of PDMSOH chains increases with 

the higher viscosity, dispersion is adversely affected, 

probably due to the tendency of polymer chains to 

clutter and entangle more with the longer chain 

lengths. Beyond 2.0 wt% concentration of PDMSOH, 

there is reduction in tensile strength due to the 

weakening of interface beyond a certain 

concentration of the siloxane modifier in PC, 

however, at lower concentrations it improves the 

inter-chain binding in PC. Higher viscosity has a 

lesser impact on tensile strength as shown in Fig. 4 as 
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PDMS molecules of longer chain lengths tend to 

lump instead of adhering on PC chains whereas 

siloxane molecules of shorter chain lengths spread 

more evenly and uniformly at the PC-PDMS 

interface. Contrary to tensile strength, tensile 

modulus slightly decreases up to 2.0 wt% 

concentration of PDMSOH as shown in Fig. 5. This 

mechanical behaviour is attributed to incorporation of 

a softer material, i.e. siloxane in PC which increases 

the strain as the material loses its stiffness. Modulus 

further sharply decreases up to 3.0 wt% concentration 

due to decrease in tensile strength above 2.0 wt% 

concentration of PDMSOH as shown in Fig. 4. 

Decrease in tensile strength and increase in strain at 

higher concentrations of siloxanes are the main cause 

of the substantial reduction in the tensile modulus of 

modified PC. One of the most useful properties of 

polycarbonate is its excellent optical property. 

Optical transmittance of the material is comparable to 

glasses and in the base PC resin, it is in the range of 

86-88% [26]. Modification of PC for its enhanced 

mechanical properties generally has concomitant 

effects on its optical property. This effect is observed 

mainly because of difference in the refractive indices 

of polycarbonate and siloxane. The extent of optical 

transmittance and haze affected by siloxane also 

depends on the morphology, dispersion and 

concentration of siloxane. As shown in Fig. 6, the 

optical transmittance mildly decreases upto 1.5 wt% 

concentration of PDMSOH and then sharply 

decreases up to 3.0 wt%. This phenomenon can be 

understood by the fact that at lower concentrations, 

PDMSOH is finely dispersed in PC and its domain 

sizes are mostly less than 1-micron size as shown in 

SEM Fig 3(a). It therefore does not have much impact 

on the path of incident light and not much decrease in 

transmittance is found. However, at higher 

concentrations, when phase boundaries are bigger, as 

shown in Fig.3 (b), the material’s optical property is 

substantially affected due to large aberration in the 

path of incident light and thus transmittance is 

reduced to 82% (Fig.6). Haze consistently yet mildly 

increased (Fig.6) as concentration was increased 

from 0.5 to 3.0 wt%. Effect of viscosity on both 

optical transmittance as well as haze was not 

observed and it was almost the same for all the 

viscosities of PDMSOH. Influence on optical 

properties of siloxane modification however calls for 

a detailed study so that the application of PC where 

both mechanical and optical properties are equally 

important, can be observed as per the requirement. 

There is a good scope of further research on the 

optical properties of PC simultaneously with 

modification of mechanical properties specially 

where higher concentrations of impact modifier are 

needed. Siloxane itself has good transmittance and its 

incorporation in PC only mildly affects the optical 

property. Thus, modified PC maintains its usefulness 

for many optical applications of PC like snow 

goggles, bulletproof glass and visors.  

CONCLUSIONS 

 Low-temperature impact toughness of 

reactive blends of hydroxyl terminated siloxanes with 

polycarbonate is substantially enhanced from 124 to 

655 J/m at -30oC and the method developed for 

impact modification is simple and cost-effective. 

 This work also gives good insight about the 

concomitant effects on other properties, i.e. tensile 

strength, modulus, optical transmittance and haze 

while carrying out impact modification.  

 Modification of impact toughness by the 

method reported here also has a good effect on tensile 

strength contrary to conventional blending with 

impact modifiers where impact strength is enhanced 

at the cost of reduction in tensile strength. 

 Chemical linkage of siloxane by 

transesterification not only provides the advantage of 

copolymer of PC and PDMS but also acts as 

compatibilizer for additional amount of siloxane that 

may have to be added in the PC matrix for a particular 

application.  

 Very useful and interesting results for tensile 

strength variation were also obtained which can be 

used to optimise the siloxane incorporation in order 

to achieve desired mechanical properties at both 

room temperature and sub-zero temperature.  

 Optical properties of the modified PC do not 

change much and are well in the range of properties 

required for low-temperature optical application of 

PC, e.g. snow goggles, visors and bullet proof 

glasses, however there is ample scope of further 

detailed research on the optical properties of 

polycarbonate along with its impact modification. 
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Lubricants play a prime role not only in automobiles but also in mechanical systems used in various industries. Castor 

oil, one of the promising non-edible vegetable oils, can serve as base lubricating oil. It is abundantly available, non-edible 

oil. The viscosity, density, thermal conductivity, and pour point of castor oil are at par with conventional lubricants, 

however, the viscosity of castor oil is very high at 25o C that affects the efficiency of mechanical systems. Dehydrated 

castor oil, obtained after dehydration of castor oil, has much lower viscosity values than castor oil. It has been observed 

that dehydrated castor oil shows viscosity reduction up to 39-40% and a 17.5% increase in thermal conductivity as 

compared to castor oil. Under similar flow conditions, if the flow of dehydrated castor oil is in a turbulent region, castor 

oil flow is in the laminar region. Similarly, the value of the Prandtl number is higher in the case of dehydrated oil. The 

antiwear and antifriction performance of castor oil and dehydrated castor oil has also been studied and 14.5 % more 

reduction in coefficient of friction has been achieved with dehydrated castor oil, while wear reduction of 23 % more has 

been achieved with castor oil. In the present paper, the physicochemical, thermal, heat transfer and tribological properties 

of both castor oil (CO) and dehydrated castor oil (DCO) have been compared and discussed. Their advantages, 

disadvantages and performances as lubricants have also been explored. 

 Keywords: Castor oil; Vegetable oil; Dehydrated castor oil; Lubricant 

INTRODUCTION 

Lubricants are essentially required for 

mechanical parts of the systems. Conventionally, 

mineral oils have been used as lubricants for 

automotive, industrial and transport applications 

because of their good technical properties. These are 

petroleum-based hydrocarbons and their exposure to 

the environment generates pollution. In addition, 

several issues like depletion of petroleum reserves 

and increasing demand for lubricants due to 

industrialization promoted new alternatives of 

mineral oils.  Vegetable oils are perceived to be a 

substitute to mineral oils due to certain inherent 

technical properties and their ability to be 

biodegradable. Vegetable oils have been used as 

lubricating oils from ancient days [1], till 19th 

century they have been used as an integral part of 

lubricating oil. Vegetable oils are triglycerides of 

fatty acids. Increasing crude oil prices and emphasis 

on the development of renewable, environmentally 

friendly industrial fluids have brought vegetable oils 

to a place of priority. As compared to mineral oil, 

vegetable oil has a high pour point, better viscosity 

index, low evaporation loss and works as a green 

lubricant [2]. The polar groups and long-chain fatty 

acids present in vegetable oil make it amphiphilic 

and provide a better film/force interconnection [3-5] 

that helps in minimizing friction and wear. Plant 

oils biodegrade more easily than mineral oils 

because of their glyceride fatty acids. Vegetable oil-

based lubricants are efficient in both boundary and 

hydrodynamic regimes [4,6,7]. The biggest benefit 

with these oils is the vegetable base origin and their 

abundant nature, while conventional lubricants 

depend upon petroleum resources. The usage of 

edible oils like soybean, sunflower, coconut, etc., as 

a lubricant is difficult as these have to fulfil the 

domestic requirements of a big population. 

Nonedible oils like castor oil can serve the purpose 

due to their abundance and excellent physical and 

chemical properties. Another advantage of castor is 

that its growing period is much shorter than that of 

Jatropha and Pongamia oilseeds. Being an annual 

crop it gives farmers the ability to shift away easily 

depending on market conditions. It is extracted from 

castor beans containing about 44-48 % of oil. Fig. 1. 

shows the castor tree, seeds and oil. Earlier, castor 

oil has not only been used in engines but also as gear 

and transmission oil, its application as a base stock 

for environmentally friendly lubricants in grinding 

[8], high-speed turning [9] and precision turning [10] 

has also been reported.  

 
Fig. 1. Castor tree, seeds and oil  
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Suhane et al. [11] investigated castor oil-based 

lubricant for automotive applications in comparison 

to available commercial servo gear oil.  

Chemical composition of castor oil 

Castor oil has 90% ricinoleic acid which is 

monounsaturated, 18-carbons fatty acid. Fig. 2 

depicts the structure of this unique acid. In its 

structure, there is an acid group at the first carbon, a 

double bond between the ninth and tenth carbon 

followed by a hydroxyl functional group at the 

twelfth carbon [12].  

 

Fig. 2. Ricinoleic acid, the main fatty acid of castor 

oil 

As a result, this unique functionality allows 

castor oil and its derivatives to find applications like 

lubricants, paints, inks & additives, textile and 

agricultural chemicals, rubber, plastic, food, 

cosmetics, paper, pharmaceutical and electronics & 

telecommunications sector. The ricinoleic acid 

comprises almost 90% of the total fatty acid 

composition. Other fatty acids are linoleic acid 

(4.0%), stearic acid (1.0%), palmitic acid (1.0%), 

dihydrostearic acid (0.6%), oleic acid (3.0%), 

linolenic (0.2%) and eicosanoic (0.2). Fig. 3. shows 

the pie chart distribution of castor oil constituents. 

  

Fig. 3. Fatty acid composition of castor oil 

It has been found that the viscosity of oil 

increases with increasing ricinoleic acid content of 

the oil, Viscosity performs a crucial part in 

mechanical system performance and reducing power 

losses. If the lubricant has a too high viscosity, it may 

make some part of the lubricant area deficient and 

increase drag that may lead to reduced efficiency. 

The viscosity and other properties of castor oil are 

highly changed once it is dehydrated. 

Dehydration of castor oil 

When castor oil is heated in presence of certain 

catalysts, water is removed from the ricinoleic acid 

chain and dehydrated castor oil is formed, as shown 

in Fig. 4. Numerous catalysts have been notified for 

dehydration of castor oil like sulfuric acid, 

phosphoric acid, sodium bisulfate, and acid-

activated clays [13,14]. The elimination of the 

hydroxyl group and an adjacent hydrogen atom leads 

to the generation of a new double bond in the fatty 

acid chain [15]. In this procedure, ricinoleic acid is 

reacted with an acid, takes away a hydroxyl group 

and a vinyl group is formed. The dehydrated castor 

oil is often used as a lubricant [16]. Dehydrated 

castor oil is now recognized with independent 

identity having its characteristics and benefits.  

 

Fig. 4. Formation mechanism of dehydrated 

castor oil 

MATERIALS AND METHOD 

Castor oil and dehydrated castor oil have been 

obtained from Jayant Agro Organics limited 

(Mumbai, Maharashtra, India). FTIR spectra of both 

oils have been recorded by Perkin Elmer FTIR 

model Spectrum-2 in the mid higher range (4000-

400 cm-1). The thermal behavior of castor and 

dehydrated castor oil has been evaluated using a 

SDT Q600 thermal analyzer by TA Instruments. 

Thermal analyser measures the heat flow as a 

function of temperature under a controlled nitrogen 

atmosphere. The density of both oils has been 

measured in a pycnometer according to ASTM D287 

method. Viscosity as an important property of 

lubricant can be evaluated using ASTM D-445 using 

Ostwald viscometer. Hydroxyl value is a measure of 

the content of hydroxyl groups in the oil that has 

been calculated for both oils by the ASTM D-1957 

method. The thermal conductivity was evaluated by 

a thermal conductivity meter, Decagon Devices Inc., 

KD2Pro instrument. Flashpoint of castor and 

dehydrated castor oil was determined by ASTM D-

92 using Cleveland open cup tester while pour point 

of castor and dehydrated castor oil was determined 

according to ASTM D-92 using pour point 
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instrument model NEWLAB 1300-SA supplied by 

Linetronic Technologies. Specific heat of both oils 

has been measured by the Nanofluid heat capacity 

apparatus supplied by Mittal enterprises New Delhi. 

Ducom four-ball tester model TR-30L-PNU-IAS 

has been used to evaluate the tribological properties 

of both oils. Evaluation of lubricant properties was 

conducted with speed of 1200 rpm, and load of 294 

N at 75 0C. The test was conducted according to 

ASTM D4172. The frictional torque and coefficient 

of friction (COF) have been calculated using the 

following formula: 

µ= T√6/3Wr 

where µ= coefficient of friction, T= frictional force 

Kg.mm, W= applied force in Kg and r= 3.67. Wear 

scar diameter was calculated by the image 

acquisition system. Morphology of worn surfaces 

was examined by FESEM, TESCAN, and MIRA-3. 

RESULTS AND DISCUSSION 

FTIR characterization of castor oil 

For  the  identification  of  expected   functional  

groups and bands, especially hydroxyl groups, FTIR 

of both castor and dehydrated castor oil has been 

recorded. Fig. 5 shows the FTIR scan of both oils. 

The ester carbonyl (C=O) functional group shows 

the characteristic stretching band of triglyceride at 

1743.25 cm-1 of both oils. It has been observed that 

the broad peak at 3435.48 cm-1 signifies the hydroxyl 

group (O-H) of the ricinoleic fatty acid present in 

castor oil but in the case of dehydrated castor oil the 

peak intensity becomes smaller because of the 

splitting of ricinoleic acid.  

Physiochemical properties evaluation of castor oil 

and dehydrated castor oil 

The important physicochemical characteristics of 

castor oil and dehydrated castor oil are shown in 

Table 1. Density plays a major role in lubricant 

functioning and performance in mechanical systems. 

It is also useful in calculating several physical 

factors of a fluid. From Table 1 it is evident that the 

castor oil has a density range that is advantageous in 

high bearing load and highly stable in severe 

conditions although pumpability is better with 

dehydrated castor oil due to lower density. 

 

Fig. 5. FTIR comparison of castor oil and dehydrated castor oil 

Table 1. Physicochemical characteristics of castor oil and dehydrated castor oil 

It has been observed that the viscosity of the 

castor is much higher as compared to dehydrated 

castor oil because of the increasing ricinoleic content 

of the oil. A higher value of viscosity can cause 

churning losses to generate excessive heat 

generation due to molecular friction. In such cases, 

Properties (Units) Castor oil (CO) Dehydrated Castor oil (DCO) 

Density (Kg/m3) 0.964-0.969 0.926-0.937 

Kinematic viscosity (cst) 

@ 25 °C (cSt)   

@100 °C (cSt) 

 

662.67-667.79 

19.72-20.32 

 

135.43-139.05 

18.29-19.32 

Hydroxyl value (mg KOH g-1) 150-160 7.0-8.0 

Thermal conductivity (W/m°K) at 

25oC  

0.148±0.001 0.174±0.001 

Flashpoint (°C)  245  211  

Pour point (°C)  -27 -34 
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dehydrated castor oil can serve as a potential 

lubricant in mechanical systems. Thermal 

conductivity is a necessary parameter in upgrading 

the heat transfer of base fluid. It is therefore 

beneficial for the fluid to own high thermal 

conductivity. Dehydrated castor oil shows an almost 

17.5% increase in thermal conductivity as compared 

to castor oil. The hydroxyl value of dehydrated 

castor oil is less as compared with castor oil because 

during dehydration of castor oil, the hydroxy group-

containing ricinoleic acid gets converted into 9,11 

and 9,12 linoleic acid. Castor oil has a higher value 

of flash point. It means that the oil is less flammable, 

safer to handle or transport, beneficial in the high-

temperature application as compared with 

dehydrated castor oil. It will be useful in the vehicle 

engine and as gearbox lubricant. Pour point of 

dehydrated castor oil is better than that of castor oil. 

Low pour point characteristics help easier handling 

and usage of lubricant in cold weather conditions. 

Heat transfer evaluation in castor oil and 

dehydrated castor oil 

Dimensionless numbers determine the fluid flow 

behavior in many aspects. Reynolds and Prandtl 

numbers help in assessing the flow behavior of both 

castor and dehydrated castor oil. 

Reynolds number: The Reynolds number is the 

main dimensionless number in fluid mechanics 

anticipating the flow arrangements in different fluid 

flow conditions. It forms a basis to segregate the 

laminar and turbulent regimes. It can be evaluated 

using Equation 1: 

NRe = DV ρ /µ                                 (1)  

where D = diameter of the tube (m), V and ρ = 

velocity (m/s), density of liquid (Kg/m3), µ= 

dynamic viscosity (Pa-s) of liquid. The value of the 

Reynolds number for a laminar flow is always below 

2100, whereas for turbulent flow its value is above 

5000 [17]. 

In the case of dehydrated castor oil for a well-

developed turbulent flow NRe= 5000,  

DV= 135.43×5000×10-6 = 0.67.  

Putting this value of DV and kinematic viscosity 

in the case of castor oil in Equation 1, the Reynolds 

number becomes: 

NRe= 0.67/662.67×10-6 =1011.  

For similar conditions of tube diameter and 

velocity, if the flow of dehydrated castor oil is in a 

turbulent region the flow of castor oil is in the 

laminar region. Thus, the heat transfer properties of 

dehydrated castor oil are better than those of castor 

oil and it acts as a good lubricant. 

Prandtl number: This dimensionless number 

expresses the relation between the viscosity of a 

fluid and the thermal conductivity. It, therefore, 

evaluates the relation between momentum and 

thermal transport competency of a fluid. It is defined 

as: 

Pr = Momentum Diffusivity/ Heat Diffusivity = 

(µ / ρ) /(k/ ρ Cp) = Cp µ/k           (2) 

where µ = dynamic viscosity (Pa-s), ρ = density 

(Kg/m3), k = thermal conductivity (in W.m-1.K-1) and 

Cp = specific heat of liquid (J.kg-1.K-1). 

In the case of dehydrated castor oil (DCO): 

dynamic viscosity = 135.43×0.926×10-3 =125.40 

×10-3, Cp = 2.88, k = 0.174. Putting all values in 

equation (2): 

Pr(DCO) =125.40×10-3×2.88×103/0.174 = 2075.72  
 

In the case of castor oil (CO): 

dynamic viscosity = 662.67×0.964×10-3 = 638.81 

×10-3, Cp = 1.8, k = 0.148. Putting all values in 

equation (2): 

Pr (CO) = 638.81×10-3×1.8×103/0.148 = 7769. 

If the Prandtl number is less, thermal diffusion is 

predominant as compared to momentum diffusion. If 

the flow situations go on the same, for a higher heat 

transfer rate we have to choose a fluid with a lower 

Prandtl number, in this way dehydrated castor oil is 

much better than castor oil because of the lower 

value of Prandtl number. Oils with small values of 

Prandtl number are free-flowing liquids having a 

larger value of thermal conductivity.  

Thermal properties evaluation of castor oil and 

dehydrated castor oil 

The differential scanning calorimetry (DSC) 

thermal curves give a way of distinguishing between 

both oils. Fig. 6(a) depicts the DSC curve for castor 

oil, which shows sudden exothermic decomposition 

at elevated temperature. The decomposition initiates 

at 343.95°C with a peak value of 379.79°C. The 

value of enthalpy of decomposition is 157.4J/g. Fig. 

6(b) shows the decomposition behavior of 

dehydrated castor oil which initiates at 347.61°C 

with a peak value at 389.69°C, the enthalpy value of 

decomposition is 340.3J/g. From both curves we 

may conclude that onset decomposition temperature 

of dehydrated castor oil is higher than that of castor 

oil so that it can be used up to higher temperatures. 
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Fig. 6 (a, b). Differential scanning calorimetry of 

castor oil and dehydrated castor oil 

Tribological properties evaluation of castor oil and 

dehydrated castor oil 

Tribological tests were carried out according to 

the standard test methods for measurement of 

frictional and wear-preventive properties of castor 

oil and dehydrated castor oil in a Ducom four-ball 

tester, model TR-30L-PNU-IAS. The tests were 

carried out at atmospheric pressure of both castor oil 

and dehydrated castor oil at a load of 294N and 75°C 

temperature with a constant speed of 1200 rpm. 

After 30 minutes of run, the three bottom balls have 

been taken off, cleaned with acetone. The scars 

marked on the bottom of the three balls were 

observed under an optical microscope to access the 

wear characteristics of the lubricants. The wear 

characteristics were analysed by observing the 

pattern of wear created over the balls called wear 

scar diameter. The wear scar diameter was measured 

along the minor and major axis and was found the 

same on both axes. The frictional behaviour, i.e. 

frictional torque, coefficient of friction (COF) of 

castor oil and dehydrated castor oil is shown in Fig. 

7 (a). The value of COF of dehydrated castor oil and 

castor oil were 0.0482 and 0.0552, respectively. The 

reduction in friction characteristics was found to be 

12.6%. The thin lubricating film formation ability on 

the surfaces of contacting mechanical components, 

determines the friction reduction efficiency which is 

better with dehydrated castor oil. Due to the better 

film-forming ability and lubricity of dehydrated 

castor oil compared to castor oil the frictional force 

got reduced rendering a reduction in the coefficient 

of friction. The frictional force and the wear scar 

images of castor and dehydrated castor oil are shown 

in Figs. 7 (b) and 7 (c), respectively. In the case of 

castor oil, a smaller wear scar diameter was present 

as compared with dehydrated castor oil. The worn 

surface analysis of bottom balls in both oils has been 

examined using FESEM at a magnification of 250×. 

Figs. 7 (d, e) show the morphology of scars present 

in both oils. The worn surface of castor oil shows a 

circular, smoother and flatter scar, with 445 µm 

diameter in balls while dehydrated castor oil shows 

a rough surface with scratches and grooves having a 

scar of 550 µm diameter in balls. The viscosity of 

lubricants plays a very important role in the 

lubricating and tribological properties of the 

lubricants. In the case of dehydrated castor oil the 

viscosity is much lower. Due to the lower viscosity 

of the dehydrated castor oil its wear-preventive 

property is comparatively lower than that of the 

castor oil. Owing to lower viscosity, there is more 

wear in the case of dehydrated castor oil. Due to 

higher wear there is more formation of wear 

particles. The broken particles present on the scar 

image as shown in Fig.7(e) will act like abrasive 

particles and will cause abrasive and erosive wear 

when the oil is used as a lubricant in an engine or any 

other mechanical system. The anti-wear property of 

castor oil is better compared to dehydrated castor oil. 

The reduction in wear characteristic accessed 

through measuring wear scar diameter of castor oil 

compared to dehydrated castor oil was found to be 

23%. 
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Fig. 7 (a) COF of castor oil and dehydrated castor oil (b, c) Wear scar image        

 

Fig. 7 (d, e). FESEM of castor oil and dehydrated castor oil 

 

CONCLUSIONS 

 Castor oil itself is a good alternative for 

lubrication, because of its good physiochemical, heat 

transfer and tribological properties necessary for 

lubricants. 

 Dehydrated castor oil shows viscosity 

reduction up to 39-40% as compared with castor oil. 

 The thermal conductivity of dehydrated 

castor oil is by 17.5 % higher than of castor oil. 

 Under similar conditions of tube diameter 

and velocity, if the flow of dehydrated castor oil is 

in a turbulent region, castor oil flows in the laminar 

region. Thus, the heat transfer properties of 

dehydrated castor oil are better than of castor oil and 

it acts as a good lubricant. 

 The value of Prandtl number for dehydrated 

castor oil is 2075.72 while that for castor oil is 7769. 

Therefore, dehydrated castor oil is a good option for 

heat-conducting liquids. 

 It was observed that dehydrated castor oil 

yields a response to friction test by 14.5% more 

reduction in COF as compared with castor oil. 

 The anti-wear behaviour of castor oil was 

better and 23 % more reduction in wear scar 

diameter has been obtained as compared to 

dehydrated castor oil. 

 The dehydrated castor oil can serve as a 

potential alternative as a lubricant. Its viscosity at 

25OC is much lower than that of base castor oil. 

Lower viscosity-oils can reduce frictional losses 

between moving mechanical parts of the engine and 

lower pumping and cranking losses, thus improving 

fuel economy and efficiency of engines. 
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An efficient yet inexpensive, biodegradable, and readily available filtration system is needed for countering the threats 

of unsafe water. This research aims at studying gymnosperm xylem tissue as a potential alternative to the polymeric 

membranes that involve a huge cost and energy for their manufacturing and are also not environmentally friendly. The 

xylem conductive tissue of tree trunk was investigated in the present study to act  as a membrane for water filtration. This 

is attributed to the presence of pores in pit membranes which makes them permeable to liquids. The size of these pores 

fits well for the application of microfiltration. Kashmiri Cypress (Cupressus cashmeriana) was used in this study. A 

pressure-driven filtration process was used to determine the efficacy of the filter. Particle size analysis was done on the 

filtrate. The results demonstrated the feasibility of the setup for use in domestic applications. A gymnosperm xylem filter 

used in this study was able to effectively filter out particles > 300 nm. A flow rate of 4 liters per day was obtained under 

a pressure of 0.295 bar, with filter diameter of 1cm and 0.75mm thickness. Fourier Transform Infrared Spectroscopy test 

was conducted on the filtrate to determine the constituents of the filtrate. The test revealed that the chemical composition 

remained unchanged after filtration.  

Keywords: Xylem filtration; Pit membranes; Microfiltration; Particle size analysis; FTIR 

INTRODUCTION 

The dearth of safe and clean drinking water is a 

major reason of mortality in the underdeveloped 

countries. Potable or drinking water is one  having 

acceptable quality with respect to physical, 

chemical, and bacteriological parameters so that it 

can safely be used for drinking and cooking purposes 

[1]. The most deadly water pollutants are of 

biological origin. The most recurrent and  global 

health hazards associated with drinking water are 

infectious diseases caused by pathogens such as  

bacteria, viruses, protozoa, or parasites [1,2]. Among 

these, widespread waterborne pathogens are bacteria 

(e.g. Escherichia coli, Salmonella typhi, Vibrio 

cholerae), viruses (e.g. adenoviruses, enteroviruses, 

hepatitis, rotavirus), and protozoa (e.g. giardia) 

[1].These pathogens lead to child mortality and also 

give rise to malnutrition and retarded growth of 

infants. The WHO has reported that around 1.6 

million humans lose their life every year due to the 

diarrheal diseases attributed to non-availability of 

safe drinking water and proper sanitation [3]. The 

children under the age of 5 years constitute 90% of 

these mortalities, mostly prevalent in developing 

countries. Therefore, to prevent the spread of 

waterborne diseases multiple barriers including 

prevention of contamination, sanitation, and 

disinfection are necessary [1]. However, if only one 

barrier is possible, it has to be disinfection unless 

evidence exists that chemical contaminants are more 

harmful than the risk from 

ingestion of microbial pathogens [1]. Additionally, 

water quality control at the place of use is most 

effective due to the issues of regrowth of microbes, 

by-products of disinfectants, corrosion of pipelines 

and contamination in the distribution system [2,4]. 

Chlorination, filtration, UV-disinfection, 

pasteurization/boiling, and ozone treatment are some 

common techniques for water disinfection [1,2,5]. 

Though at large scale chlorine treatment is effective, 

it is expensive for smaller places like towns and 

villages. Also, boiling is an effective method for 

water disinfection; but  the cost of fuel required to 

disinfect water is expensive [1]. Disinfection with 

UV radiation is a promising point-of-use technology 

available today [1], Again it requires electricity and 

maintenance of a UV lamp, or enough sunlight. 

Under these circumstances small and cheap filtration 

equipment can satisfactorily solve the problem of 

point-of-use disinfection. Unfortunately, there does 

not exist an ideal technology for this purpose. The 

carbon-based filters are inexpensive, but are not 

effective in expunging pathogens [1]. Sand filters 

offer an excellent substitute that can remove 

pathogens but they require a sizeable area and 

maintenance knowledge [1]. The membrane 

filtration processes capable of removing pathogens 

[2,4] have high cost, undergo membrane fouling, and 

require power for pumping water on account of low 

flow rates [6], hence, are difficult to have their wide 

implementation in developing countries. 
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In this regard, novel processes are urgently 

needed which outperform current technologies. To 

be precise, membrane materials that are cheap, 

readily available, effective at pathogen removal and 

finally disposable, could considerably impact our 

capability to provide clean drinking water. A hope 

for this purpose comes from the nature itself. A 

potential solution exists in the form of plant xylem 

which is a porous material that conducts fluid in 

plants [7]. Plants have specialized xylem tissues to 

transport sap from their roots to the shoots. Xylem 

tissues have developed under competing pressures, 

offering minimal resistance to the ascent of sap 

while maintaining the structure of small nanoscale 

pores to prevent cavitation. The size of these pores 

typically varies from few nanometers to around 500 

nm, depending on the species of plants [8]. The plant 

xylem happens to be an ideal material for filtering 

out pathogens. This presents an opportunity to 

researchers to investigate whether plant xylem can 

be adopted as an inexpensive water filtration device.  

The xylem tissue has tiny ducts working in 

parallel (Fig. 1(a)). The elements of conduction in 

xylem tissue vary in angiosperms and gymnosperms 

(Fig 1(b)). In gymnosperms, these ducts are present 

as unicellular dead elements called tracheids. 

Tracheids can have a diameter and length up to 80 

mm and 10 mm, respectively. Vessels are the 

elements of water conduction in angiosperms. The 

vessels may have a diameter up to 0.5 mm, while 

their length ranges from a few millimeters to a few 

meters [9]. Pits connect these conducting elements 

with their adjacent ones. The pit membranes have 

pore size ranging from a few nanometers to a 

maximum of around 500 nm, depending on the plant 

species. Pores in the pit membranes werethe basic 

filtration unit in this research. The angiosperms have 

longer vessels and, therefore, to force water through 

the pit membrane, a large thickness of the xylem is 

required. In angiosperms, xylem tissue makes up a 

smaller fraction of the cross-sectional area of the 

trunks and branches and hence was not used. The 

shorter tracheids in the xylem tissue of 

gymnosperms are ideal for the purpose. Correa and 

Sens [10] investigated the pine, virola, and cedar 

wood membrane for filtration. The study 

investigated the removal of color and turbidity with 

the flow in the perpendicular direction of fibers. 

There was a small difference in respect to the 

efficiency of membranes with a thickness between 

1.0 and 2.0 cm. The membranes were in the range of 

30–35% efficiency for color and turbidity. The 

membrane with a thickness of 3.0 cm had enhanced 

performance with 50% average efficiency for color 

and turbidity. It has been found that the anisotropy 

of wood poses challenges when deformation occurs 

with loss or gain of humidity leading to cracks 

during the drying process. The use of wood 

membrane filters intended for the separation proved 

to be effective. Several processes are in the initial 

phase of development, in which the main 

determining factor is the relationship between 

filtration and the pore size of the filtered material. 

Due to the geometric conformation of membranes, 

the filtration performed in a conventional manner 

passes in the cross-flow direction. The reason being 

that the flow observed certain turbulence on its 

surface which results in the dragging of particles that 

cause incrustation. With cross-flow filtration, it is 

advisable to apply some pressure to “push” fluid 

through the pores of the membrane for collection on 

the other side. The applied pressure must comply 

with the manufacturer’s recommendations to avoid 

surface damage. The wood is mainly composed of 

lignin (ranging from 18 to 35%), hemicelluloses, and 

cellulose (ranging from 65 to 75%) polymeric 

materials which are considered complex, 

particularly polymeric substances. A study of filter 

elements with varying degrees of thickness to 

establish a relationship between wall thickness and 

efficiency was performed by Correa and Sens [10]. 

In order to understand the water transport through 

wood, familiarity with its chemical composition is 

important. These compositions vary according to 

several factors, such as geographic location, climate, 

and soil type. Therefore, the chemical composition 

is not accurately defined for a wood species or even 

for a specific wood. There are other components that 

are present mainly in the form of extractable organic 

and inorganic substances, such as oils, resins, sugars, 

starches, tannins, nitrogenous substances, organic 

acids, and organic salts (ranging from 4–10%). 

These extracts contribute to the organoleptic 

properties of wood, such as smell, color, taste, and 

its resistance to fungi and insects. The elements that 

make up the wood, in general, are carbon (50%), 

oxygen (44%), hydrogen (5.5%), and traces of many 

metal ions [2]. Sens et al. [11] studied dead-end 

filtration and helical cross-flow in wood. The three 

species of wood studied were: caixeta (Tabebuia 

cassinoides), garapuvu (Schizolobium parahyba), 

and pine (Pinus elliottii). They concluded that the 

filtration obtained was microfiltration, and filtration 

in the perpendicular direction was found to be 

infeasible. Boutilier et al. [12] conducted 

experiments on wood from white pine (pinus 

strobus). They used deionized water for the 

experiments. Red pigment (Higgins Ink), 20 nm 

fluorescent polystyrene nano-spheres, and 
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inactivated fluorescent dye-labeled Escherichia coli 

were also used.  

Studies revealed that the sap flow rate in plants in 

the range of several liters per hour may be feasible 

with less than 10 cm-sized filters, using only 

hydrostatic pressure to drive the flow [7]. The 

investigation first of its kind on the pine, pinus 

strobus, which grows in USA was used by Boutilier 

et al. [12]. Nile-red coated 20-nm fluorescent 

polystyrene nano-spheres and Alexa 488 fluorescent 

dye-labeled Escherichia coli were used in this study. 

The present study aims to investigate the filtration 

characteristics of the Cupressus cashmeriana so as 

to find if it can be used as a filtration material. Since 

the safety of drinking water is a critical issue in this 

part of the world the Kashmiri cypress was chosen 

because of its availability.  

In this context, new approaches that can improve 

upon current technologies on the grounds of 

expenditure, biodegradability, availability are 

urgently needed. A potential solution exists in the 

form of plant xylem – a porous material that 

conducts fluid in plants. Plants have evolved 

specialized xylem tissues to conduct sap from their 

roots to their shoots through the process of 

transpiration. Under competing pressures, the xylem 

has evolved into a robust conductive tissue that 

efficiently allows the flow of sap while also 

preventing the cavitation and development of 

bubbles that could halt the process.  

Various experiments were performed on this 

tissue to reveal about its permeability and various 

factors affecting it, necessary for development of a 

cost-efficient filtration system to serve the purpose. 

In angiosperms, xylem tissue constitutes a 

smaller fraction of the cross-sectional area of the 

trunks and branches and hence was not used. The 

observed conductivities were in the range of 5-6×10-

10m2Pa-1s-1. Their pigment filtration experiments 

revealed a size cutoff of about 100 nm and most of 

the filtration occurred within the first 2-3 mm of the 

xylem filter. The xylem filter had a bacterial 

rejection rate exceeding 99.9%. Ericson et al. [6] 

conducted permeability experiments on wood and 

analyzed the factors affecting the rate of flow. The 

fluids used were zinc chloride, water, and benzene. 

The present study aimed to investigate the 

filtration capability of Kashmiri cypress 

scientifically known as Cupressus cashmeriana. The 

experiments were performed to study the 

permeability and filtration capability necessary for 

developing a cost-efficient filtration system to serve 

the purpose. Post the experimentation, particle size 

analysis (PSA) was performed for determining the 

size range of the particles in the unfiltered and 

filtered samples.  

To evaluate the chemical composition of both the 

filtered and unfiltered samples, Fourier Transform 

Infrared Spectroscopy (FTIR) was used. 

EXPERIMENTAL SETUP  

Materials and methods 

The setup comprised an air compressor (Fig. 2), 

of 1.5 hp capacity, to generate the required pressure 

gradient. A transparent pliable plastic tube of ample 

length and diameter was used to hold the specimen 

membrane by steel clips. The other end of the tube 

was connected to the compressor. A measuring 

cylinder of 10ml capacity was used for measuring 

the flow rate. An adjustable stand was used to hold 

the setup  upright. For sealing the filters, epoxy resin 

was used. The filter elements were secured using 

pipe clips. Branches from cypress (Cupressus 

cashmeriana) were cut with a manual hack saw. The 

branches were cut into small pieces of desired size 

by an electric saw. 1.5 cm thick sections with a cross 

section of approximately 2.5 cm2 were cut from the 

branch. The sections were inspected for the presence 

of any nodes. The bark was peeled off and the 

sections were soaked in distilled water. The ends 

were cleaned with ethanol using a brush. Then the 

sections were inserted into the end of the plastic tube 

and sealed using epoxy resin. The ends were secured 

using pipe clips. 

Filtration and flow rate measurement 

The compressor tank was prefilled until a specific 

pressure was reached. The pressure used for the 

study was 0.295 bar (gauge pressure) equivalent to 3 

m head of water, for our filtration experiments. The 

contaminated water was introduced into the tube 

which was subjected to high pressure from one end, 

the other end was sealed with the wood membrane. 

Then the same end was connected to the compressor 

tank and the pressure was applied. The filtrate was 

collected in a measuring cylinder and the flow rate 

was measured using stopwatch. Three readings were 

taken and the flow rate was averaged. The samples 

were pre-treated with alum before the filtration 

process. The filtrate samples were collected and 

sealed in the test tubes to avoid any contamination 

from the atmosphere (Fig. 3). In order to determine 

the particle size of the contaminants before and after 

the filtration Anton Paar LiteSizer 500 was used. 
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Angiosperm xylem vessels Gymnosperm xylem Tracheids 

  
 

Fig. 1. (b) Flow through xylem conductive tissue [2] 

RESULTS AND DISCUSSION 

In the preliminary testing phase, the efficacy of 

the filter was tested visually by filtering a suspension 

of clay and sand in water. It was compared with the 

unfiltered water sample. The filtrate was clear, 

indicating that the filter was capable of removing 

turbidity caused by suspended and colloidal 

impurities. The flow rate measurements revealed 

that the filter with a thickness of about 0.65 cm and 

cross-sectional area of 100 cm2 had a flow rate of 4 

liters per day under a gauge pressure of 0.295 bar (3 

m of water) which is enough to meet the daily 

drinking water needs of one person. The flow rate 

was directly proportional to the applied pressure and 

the filter cross-sectional area and inversely 

proportional to the membrane thickness. The 

hydrodynamic conductivity was calculated using Eq. 

(1): 

 Q = kAΔP/l     (1) 

where Q is the volumetric flow rate (m3s-1), Δ𝑃 is the 

pressure difference across the filter (Pa), A and l are 

the cross-sectional area (m2) and the thickness of the 

filter (m), respectively. The value of hydrodynamic 

conductivity was in the range of 8 to 10 ×10-13 m2Pa-

1s-1. 

Particle size analysis (Fig. 4) was performed on 

the collected samples to determine the effectiveness 

of the membrane to eliminate the suspended matter. 

The tests revealed that the size of the contaminants 

ranged from ~90 nm to ~10 µm. Then the filtrate was 

analyzed. The size of the contaminants in the filtrate 

ranged from ~90 nm to ~300 nm. The filtrate particle 

size distribution peaked at ~100 nm. The filter was 

effectively able to reject particles larger than ~300 

nm. The rejection rate was greater than 99.8%. Most 

pathogenic bacteria larger than this size are therefore 

removed. For example, Vibrio cholera, the bacteria 

that causes the water-borne disease cholera is 1-3 µm 

in length and 0.5-0.8 µm in diameter and the 

typhoid-causing bacterium Salmonella typhi, is 2 – 5 

µm in length and 0.5 - 1.5 µm in diameter. This 

implies that the filter is capable of filtering out most 

fungal spores and bacteria from polluted water. 

Fourier Transform Infrared Spectroscopy (FTIR) 

test was done using Perkin Elmer Spectrum IR on 

the unfiltered and filtered samples. FTIR plots the 

transmittance, which is percentage amount of 

radiation absorbed by the sample versus wave 

number (cm-1), which is defined as the 

reciprocal of wave length. The results were 

identical for the unfiltered and filtered samples. It 

was concluded that no change in the chemical 

Earlywood 
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Fig. 1. (a) Anatomy of wood depicting its porosity [1] 
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composition took place. According to preliminary 

tests, the filter successfully eliminated the turbidity. 

The size of the pores in the pit membranes ranges 

in nanometers, and hence, it is effective in removing 

suspended and colloidal impurities. Flow rate 

experiments indicated that flow rate is directly 

proportional to cross section area and pressure 

difference and inversely proportional to filter 

thickness.  

A thicker filter offers more resistance to the flow 

of water through it. However, a thicker filter 

increases the rejection rate up to a certain limit (Fig. 

5). In a separate experiment the filtered samples 

were pre-treated with alum. It was observed that the 

treatment with alum prior to filtration increased the 

flow rate and the filter life for turbid water. No 

change in chemical composition was detected using 

FTIR analysis. The profiles in Fig. 6 and Fig. 7 were 

similar, implying that the unfiltered and filtered 

samples had the same broad chemical composition. 

This was to be expected as the given study lacks 

chemical treatment procedures. Chemical 

contaminants can be adsorbed using adsorbents such 

as activated carbon. The experimental results of the 

study are presented in Table 1 for a cross sectional 

area of 100 cm2 and P=0.295 bar. After conducting 

experiments on fresh wood, an additional 

investigation was performed on the dried wood. It 

was found that dried wood is not effective for 

filtration. The idea was thus discarded as the flow 

rate was by two orders of magnitude slower. Also to 

compensate for the decrease in flow rate, thinner 

sections were cut, but no appreciable filtration effect 

was observed in this case. The thinner sections were 

also prone to cracking on application of pressure. 

 

  

Fig. 2. Set-up used for experiments Fig. 3. Test results 

 

After filtration 

Before filtration 
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sample before filtration and after filtration 
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Fig. 5. Variation of the flow rate with filter 
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Table 1. Experimental results  

Thickness of filter element (cm) Time taken Flow rate (ml/s) Flow per day (dm3/day) 

0.50 164 0.061 5.27 

0.75 257 0.039 3.37 

1.00 345 0.029 2.50 

1.25 454 0.022 1.90 

1.50 476 0.021 1.81 

 

 
Fig. 6. FTIR spectrograph of unfiltered sample 

a 

C/S area= 100 cm2 

hydrodynamic cond.= 1×10-12m2Pa-1s-1 
pressure head = 3m of water. 
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Fig. 7. FTIR spectrograph of filtered sample 

CONCLUSIONS 

Plant xylem can be used effectively for filtration 

of water. A gymnosperm xylem filter was prepared 

using Cupressus cashmeriana, which was able to 

effectively filter out particles larger than 300 nm. 

The particle rejection rate was 99.8%. A flow rate of 

4 liters per day was obtained through a filter element 

of cross-sectional area 100 cm2 under a gauge 

pressure of 0.295 bar. The chemical composition 

was found to remain unchanged after filtration.  

Cheap conventional treatment methods like 

treatment with alum before filtration can increase the 

filter life significantly. There is a bright scope for 

investigating other gymnosperm species which have 

much smaller pit membranes for filtration of viruses 

and other pathogens. Wood seasoning and its effect 

on filtration need further study. Ion exchange 

methods can be used in conjunction with the xylem 

filter to develop a much more effective filtration 

system. 
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Substance flow analysis of lead and chromium through wastewater management 

system in a region 
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Inappropriate waste management practices have resulted into pollution of the environment in urban and rural areas in 

India. The pollution from heavy metals requires attention owing to the toxicity of these metals for human beings. The 

study analyses the management of wastewater in Hanumangarh district, a region in the state of Rajasthan, India and the 

consequent flow of two heavy metals, lead and chromium. For this purpose, the status quo for the management of 

wastewater has been compared with two alternatives scenarios. The analysis has been performed using the techniques of 

material flow analysis (MFA). The results indicate the major flows of Pb and Cr in the system and, the points of action 

for achieving the waste management goals more closely than the current system. 

[copyright information to be updated in production process] 

Keywords: Wastewater management; material flow analysis; heavy metals; scenario analysis; urban pollution. 

INTRODUCTION 

Wastewater management in India has become one 

of the major problems for Indian cities. The 

mismanagement  of municipal wastewater in Indian 

cities has led to the accumulation of hazardous 

substances into the environment [1, 2]. The heavy 

metals in Indian cities are one of the important 

classes of hazardous substances in the 

anthroposphere [3]. 

Lead and chromium are both heavy metals that 

have been linked to cancer in humans. Individuals 

exposed to extremely high levels of lead and 

chromium suffer from anaemia, weakness, kidney 

and brain damage. Lead exposure at exceptionally 

high levels can be lethal. Because lead can pass 

through the placenta, pregnant women who are 

exposed to it risk harming their unborn child. Lead is 

harmful to an infant's nervous system as it develops. 

Exposure to chromium damages the liver, produces 

pulmonary congestion and edema, upper abdomen 

discomfort, nasal irritation, and tooth discoloration 

[4, 5]. As a result, it becomes important to understand 

the flow of these substances, i.e., Pb and Cr in a 

region. The techniques of MFA have been used to 

study the mass flows of Pb and Cr through a 

wastewater management system [6]. Scenario 

analysis has been used to better comprehend the 

long-term environmental consequences of 

alternative waste management systems [7]. 

MFA is based on the conservation of matter and 

permits the identification and measurement of a 

substance's sources in system, its temporal 

accumulation within the system, and its transfer to 

natural or manmade sinks. Substance-bearing items 

or materials are transformed, transported, or stored 

in intermediate stages. Coefficients of transfer are 

used to characterize the flow of such process inputs 

to outputs. The MFA methodology is advantageous 

for identifying the primary sources and sinks of 

emissions, as well as for planning reduction targets 

and long-term retention or disposal [8].  

The objectives of the study are: (i) to quantify the 

flow of lead and chromium through a wastewater 

management system; (ii) to postulate alternative 

scenarios and quantify the flow of lead and 

chromium via various stages of a wastewater 

management system in all the scenarios; (iii) to 

compare the three scenarios in terms of the quantities 

of wastewater, Pb and Cr being discharged into the 

environment. The scope of the study is limited to the 

ULBs of Hanumangarh District in the state of 

Rajasthan. 

MATERIALS AND METHODS 

Study Area 

The district of Hanumangarh is located at 29° 5' 

to 30° 6' north and 74° 3' to 75° 3' east. The district 

covers a total land area of 9,703 square kilometers. 

Prior to this, the city was known as "BHATNER". In 

year 1805, emperor Soorat Singh of Bikaner 

captured BHATNER after defeating Bhatis and as 

the day of his victory was Tuesday (known as the 

day of god "Hanuman"), he named BHATNER as 

"HANUMANGARH". There are total six ULBs in 

the Hanumangarh district, namely, Bhadra, Nohar, 

Pilibanga, Rawatsar, Sangaria, and Nagar Parishad 

Hanumangarh.  
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Figure 1. Map of Hanumangarh (Source: [9]) 

Data Collection 

Data have been collected through personal 

interviews, telephonic conversation with 

representatives from the various governmental 

departments in Hanumangarh district. Data were 

also gathered from the official websites of the city, 

state and, municipal agencies such as the 

Department of Industries, CPCB, CPHEEO and 

RSPCB. An extensive literature search was 

conducted to determine the lead and chromium 

concentrations in treated & untreated wastewater, 

fecal sludge, and sewage sludge. 

Scenarios for analysis 

The current study looked at three different 

municipal wastewater management scenarios. The 

first scenario depicts the current state of wastewater 

management in Hanumangarh. In scenario 2, the 

emphasis is on increasing the reach of sewer 

connections for the households and the wastewater 

reaching the wastewater treatment plants (WWTPs). 

The scenario 3 involves increasing wastewater 

reaching WWTPs and the provision of an engineered 

landfill for disposal of sewage sludge. Table 1 

presents a summary of all the three scenarios. 

Scenario 1 illustrates the current state 

of wastewater management in the area. According to 

statistics provided by the Hanumangarh 

administration, the total quantity of wastewater 

reaching the wastewater treatment facilities for 

treatment in the is about 2062 million litre 

(ML)/annum. As all the households in the district are 

yet to be connected to a sewage system, this 

wastewater quantity represents a fraction of the 

volume of wastewater being generated in the district. 

Majority of the households that are not connected to 

the sewerage system, are using on-site treatment of 

wastewater by employing septic tanks. These septic 

tanks are cleaned every 2-3 years. The fecal sludge 

from the septic tank is illegally disposed of outside 

the city limits. The effluent from the septic tank is 

discharged into the storm water drains and it is 

assumed that it ultimately makes its way into the 

agriculture soil.  
 

Table 1. Scenarios for WW management in 

Hanumangarh urban area 
 

Scenario WW 

fraction for 

treatment 

Treated WW 

Utilization 

Disposal of 

sludge 

Present 

Scenario 

(Scenario 

1) 

24% of 

wastewater 

reaching the 

STPs 

Application to 

agriculture 

fields 

Uncontrolled 

dumping 

Enhanced 

Treatment 

Scenario 

(Scenario 

2) 

90% of 

wastewater 

reaching the 

STPs 

Application to 

agriculture 

fields 

Uncontrolled 

dumping 

Alternate 

Scenario 

(Scenario 

3) 

90% of 

wastewater 

reaching the 

STPs  

Application to 

agriculture 

fields 

Engineered 

Landfill 

Scenario2 is being postulated with the objective 

of increasing the connectivity of the households to 

the sewerage system and subsequently the amount of 

wastewater treated in the district. Fecal sludge 

(settled sludge) produced by a septic tank is assumed 

to be disposed off in the forest soil, whereas 

wastewater treatment plant sludge is discarded in the 

agricultural soil. 

The alternate scenario, referred to as 3, is defined 

by the incorporation of engineered landfill into the 

first two scenarios. Production and collection of 

wastewater are the same as in scenario 2, with the 

exception that the sludge generated in septic tanks 

and WWTPs is disposed off in an engineered 

landfill. 

Estimations for MFA 

Material flow analysis is being used to examine 

the wastewater management of the system under 

consideration. For computational considerations, a 

one-year timeframe was chosen in accordance with 

the static MFA method. The following processes are 

included in the study: collection, sewage system, 

wastewater treatment plant, septic tank, engineered 

landfill, and soil (categorized into agriculture soil 

and other soil). 

To calculate uncertainty in the data obtained from 

literature, the Monte Carlo Simulation (MCS) is 

employed. The statistical distributions of the input 

variables are assumed as normal distribution in this 

study. The confidence interval was selected as 95 

percent [10]. The concentrations of lead and 

chromium in the influent and effluent wastewater, 

and sludge were taken from literature reviews [11–

15] and calculated for this study using Monte Carlo 

simulation. 
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The entire quantity of WW generated inside the 

system boundary is taken into consideration in the 

first two stages, namely the urban household and the 

generating process, respectively. The input and 

output flows for wastewater have been assumed to 

be the same in all three scenarios. 

The total amount of wastewater generated was 

estimated by taking into account the water supply as 

specified in [9]. The fraction of grey water in the 

wastewater generated is taken from [16]. 

In the sewer system process, the total number of 

households that are linked to the sewage system is 

taken into consideration in order to determine the 

total flow of wastewater. In scenario 1, only a 

fraction of households is linked to the sewage system 

(as provided by the Hanumangarh officials), which 

amounts to 24 percent of the total amount of 

wastewater flowing through the system. In scenarios 

2 & 3, the total amount of wastewater that enters the 

sewage system is assumed to equal 90 percent of the 

total. 

Septic tank is the method by which black water 

generated is treated at the household level, and it is 

taken into consideration in all three scenarios 

discussed here. In scenarios 1, 2, & 3, the wastewater 

from all the households without connectivity to 

sewer network, is discharged into the septic system. 

The effluent from the septic tank is assumed to go 

into the other soil.  

WWTPs are the facilities that treat wastewater. 

According to scenario 1, only 24 percent of the entire 

wastewater is treated; however, according to 

scenarios 2 & 3, 90 percent of the entire wastewater 

is assumed to be treated. In all three cases, the flow 

from the sewage system is received by this 

mechanism. 

Each of the three scenarios involves the use of 

treated wastewater on agricultural soil. The sludge 

from wastewater treatment plant is being disposed of 

in agricultural land and, has been assumed the same 

in scenarios 1 & 2. The sludge settled in the septic 

tank is emptied every 2-3 years and is discarded 

illegally outside the city limits. The sludge from 

septic tanks has been assumed to be disposed on 

forest soil in scenario 1 and scenario 2. 

Scenario 3 assumes an engineered landfill, and 

that all of the sludge (from the WWTPs and settled 

sludge from the septic tanks) is disposed of there. 

The data regarding the concentrations of lead and 

chromium in settled sludge and overflow wastewater 

from septic tank are derived from [17]. 

The processes, agriculture soil, and forest soil 

have all been taken into consideration in order to 

illustrate the movement of pollutants into the soil. 

Due to the fact that some waste processing products, 

such as treated wastewater, are used in agriculture 

soil particularly, the soil has been divided into two 

categories. 

RESULTS AND DISCUSSION 

The results from the material flow regarding the 

overall wastewater quantities, and quantities of lead, 

and chromium for all the scenarios are discussed in 

this section.  

In scenario 1, the maximum flow is 8,232 ML to 

agricultural soil, of which only 2,062 ML is treated 

wastewater, the remaining is untreated wastewater 

and sludge from WWTPs (Figure 2). In contrast to 

scenario 1, scenario 2 has more houses connected to 

the sewer system, resulting in 7429 ML of treated 

wastewater being discharged in agricultural land 

(with only 536 ML of untreated wastewater and 74 

ML of sludge being discharged) as shown in Figure 

3. In scenario 3, the same quantities of treated and 

untreated wastewater (as in scenario 2) are applied 

to agricultural soil, however, all of the sludge 

produced is discarded in the engineered landfill 

(Figure 4). According to scenario 1, the agricultural 

soil getting the maximum deposition of Cr is 

amounting to 4.8 tons (Figure 5). According to 

scenario 2, the same quantity, i.e. 4.8 tons of Cr are 

disposed on the agricultural soil, indicating the 

status quo in terms of Cr loadings to the 

environment. (Figure 6). On the other hand, just 2 

tons of Cr are disposed of in the agricultural soil each 

year, as per scenario 3. Furthermore, by disposing 

off the 2.7 tons of Cr in the engineered landfill, the 

harmful effects of Cr may be contained by the 

landfill (Figure 7). 

For the lead fluxes, the highest quantity of lead, 

i.e. 0.87 tons, is being applied to the agricultural soil 

in scenario 1 (Figure 8). However, despite the fact 

that scenario 2 has a larger number of households 

connected to a sewer system, it discharges higher 

amounts of lead into the agricultural soil, 

approximately 1.1 tons per year (Figure 9). The 

increase in Pb loadings to the agriculture soil is due 

to change in WW management system in scenario 2 

from septic tank to the sewer system and the 

consequent change in final disposal from forest soil 

to agriculture soil. In scenario 3, the bulk of the lead 

is removed from the environment by confining it in 

an engineered landfill (Figure 10). 

Upon examining all the scenarios, it becomes 

clear that just expanding the treatment system of 

wastewater will not be sufficient to address the 

present issue of heavy metal contamination. The 

bulk of heavy metals still winds up in agricultural 

soil as shown in scenario 2 (with greater volumes of 

wastewater being treated in WWTPs). 
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Figure 2. WW flow through Hanumangarh in scenario 1 

 

Figure 3. WW flow through Hanumangarh in scenario 2 

 

Figure 4. WW flow through Hanumangarh in scenario 3 
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Figure 5. Flow of Cr through WW management system of Hanumangarh in scenario 1

 

Figure 6. Flow of Cr through WW management system of Hanumangarh in scenario 2 

*  

Figure 7. Flow of Cr through WW management system of Hanumangarh in scenario 3 
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Figure 8. Flow of Pb through WW management system of Hanumangarh in scenario 1 

 

Figure 9. Flow of Pb through WW management system of Hanumangarh in scenario 2 

 

Figure 10. Flow of Pb through WW management system of Hanumangarh in scenario 3 
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Table 2 compares the amounts of lead and chromium 

released into the environment from the wastewater 

management system in Hanumangarh district. 

Table 2.  The flows of Pb and Cr in three scenarios 

  S-1 S-2 S-3 

Mass of Pb 

releasing into 

the 

environment 

(tons/years) 

1.04 

±0.104 

1.04 

±0.04 

0.27 

±0.01 

Mass of Cr 

releasing into 

the 

environment 

(tons/years) 

4.830 

±0.483 

4.830 

±0.299 

2 

±0.09 

In scenario 3, on the other hand, the use of an 

engineered landfill site results in the containment of 

lead and chromium from the surrounding 

environment. The present study indicates that the 

wastewater management system in an urban area can 

be a significant source of heavy metal pollution in 

the urban environment. These may enter the 

wastewater from the materials and activities in an 

urban area, e.g. runoff from roofs, food, or activities 

such as car washes [17]. In addition to deposition of 

pollutants from the atmosphere, application of 

insecticides and pesticides, as well as recycling of 

these toxins in the form of compost or sludge, among 

other also causes soil contamination [18]. 

Considering that modifying agricultural practices 

is a time-consuming process, the suggested option 

for the next several years (10-15) is an engineered 

landfill with enhanced capacity of the wastewater 

treatment system, as stated in scenario 3. 

As per findings of this study, Hanumangarh emits 

around 3.46 g of lead per capita per year through 

wastewater management. For another study [4] in 

the same region (i.e. the state of Rajasthan) for 

wastewater management in a smaller system, the per 

capita use for lead metal comes out through be 6.9 

g/capita/year. The results from this are also 

comparable to the study done at country level in 

China [19], where the per capita usage was 

calculated as 2.97 g/year. However, for a study done 

at city level in China [20], per capita consumption 

for lead is estimated to be 1.75 kg/year. These 

differences among the studies may be the result of 

considering a wide range of sectors in MFA studies 

for Pb flow [21].  

CONCLUSION 

Upon examining all the scenarios, it becomes 

clear that just expanding the collection and treatment 

of wastewater will not be sufficient to address the 

present issue of heavy metal contamination in 

Hanumangarh district. The bulk of heavy metals still 

winds up in agricultural soil. The material flow 

analysis shows the importance of engineered landfill 

and enhanced treatment of wastewater for the better 

management of wastewater. The use of engineered 

landfill for the disposal of sludge ensures the 

isolation of heavy metals from the environment. 
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In modern science precision and accuracy play a vital role towards accomplishing good quality final products. 

Precision and accuracy are very much inevitable either for raw materials, intermediates or semifinal / final products. In 

current scientific scenario, lot of instruments, gadgets and equipments are being developed, imbibing high technologies, 

which were considered to be expensive. Equipment by name Malvern is also considered as an expensive gadget to measure 

particle size distribution of µm size particles. This paper deals with the established particle size distribution by a simple 

and manual method using an empirical equation called Rosin-Rammler equation. Cements of different brands and 

different grades were procured from local market and tested for particle size distribution. The results obtained were 

compared with the results of Malvern particle size analyzer and the deviation is found to be 10% as maximum. The results 

depict that manual analysis by using the empirical Rosin-Rammler equation is very much matching with the standard 

particle size analyzer. Therefore, manual analysis of particle size distribution using Rosin-Rammler equation can be 

adopted in experimental analysis/research. 

Keywords: Cement, Particle size distribution, Rosin-Rammler equation, Malvern particle size analyzer 

INTRODUCTION 

Cement is a binding substance usually inorganic 

in nature used for construction purpose, which sets 

when dries and hardens to adhere to other materials, 

by way of fixing with them together. Generally, 

cement is used on its own, but rather found to be 

binding with sand and gravel. Cement is used with 

fine sand and gravel mixture in aggregate for making 

mortar for masonry use like bricklaying and stuccos 

to produce concrete [1]. Cement used in construction 

is inorganic in nature as it contains lime and calcium 

silicate which shows the characteristic features of 

hydraulic or non-hydraulic ability which depends on 

the cement to set in the presence of water. The 

cement which sets when it dries reacting with 

carbon dioxide in the air is very resistant to attack 

by chemicals after setting; the cement which will not 

set in wet conditions or under water is set to be non-

hydraulic cement [2]. The particle size distribution 

of cement is very important to understand the 

response of its physical and chemical nature, since 

it is a matter which is important in understanding its 

physical and chemical properties, since it directly 

affects the strength and load bearing properties. It 

also affects the nature of reactions and needs to be 

closely monitored in production operations. Particle 

size distribution may be represented as the "range" 

analysis, where the amount of each size range is 

listed in a particular order. It may also be 

represented in "cumulative" form, in which the total 

mixture of all sizes "retained" or "passed" by a 

single notional "sieve" is represented for a range of 

sizes [3]. Range analysis will fetch, when a 

particular size is desired. The particle size affects 

the properties of powder in multiple ways. It affects 

i) the setting time of cement, ii) the hiding powder 

of pigments present in it, iii) the activity of chemical 

catalysts, iv) the taste of food, v) the potency of drug 

and sintering shrinkage of powders. Therefore, for 

quality control of the final product, it is very much 

essential to maintain particle size distribution of any 

powder [4].  

In the process of cement production, the fine 

product is analyzed and characterized by 95% below 

the 90 µm mesh usually recommended or based on 

the Blaine value. Particle size is a critical property 

and is used to characterize powders. It is possible to 

get high strength with lower Blaine (surface area) 

number. This is possible only when attempt is made 

to analyze the size distribution of the powder. As far 

as particle size distribution is concerned, the 

maximum usage of particle size distributions data 

may be generated if the data were represented  by  a  

mathematical  expression.  Such 
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mathematical function permits ready graphical/ 

analytical representation and produces maximum 

opportunities for interpretations, extrapolations, and 

comparative analysis of different particle size 

distributions [5]. Different measurement techniques 

are in place to produce different results while 

measuring non-spherical particles. The techniques 

or instruments used for particle size analysis need to 

generate data in a form relevant to the process, 

reliable to the method and simple to understand. 

Laser diffraction is commonly used for particle size 

measurement and it is said to be a standard method 

which many industries follow for characterization 

and control. In this method a laser beam is scattered 

directly related to their size by particle size analyzer 

[6]. When the particle size decreases the scattering 

increases logarithmically observed in laser 

diffraction [7], intensity of beam is subjected to 

particle size, decrease is subjected to particle 

volume. Laser diffraction ranges from 0.2 to 2000 

µm [8].  

Dynamic light scattering is known as an 

accurate, reliable and repeatable technique which 

measures the size of molecules in the subµm region 

and it gives results in particle hydrodynamic 

diameter [9]. This method is non-invasive and is 

also called photon correlation spectroscopy. 

Sedimentation is a traditional method which gives 

large errors for particles of large aspect ratio [10]. 

This equipment is used in paint and ceramic 

industries and is simple to use, as well as complex 

to determine as particles function setting of viscosity 

[11,12], in which density of material is needed, this 

method is not good for emulsions where the material 

settles too quickly. Ultrasound    is used instead of 

light to collect information of the particles in the 

fluid disperse [13]. Sound waves similar to light 

absorb the particles disperse and scattered in a fluid 

system and measure the particle size distribution at 

very high concentration in this acoustic 

spectroscopy [14]. The distribution of particle size 

using Rosin-Rammler distribution parameters has 

been used to explain the particle size distribution of 

powders of different types and sizes [15-17]. These 

distribution parameters are in general suited to 

representing powders made by crushing, grinding  

and milling operations [18-20]. 

MATERIALS AND METHODS 

Standard sieves of BIS had been used to assess 

particle size distribution [21] of 90, 75, 63 and 45 

µm in size. Power sieve shaker is used to vibrate the 

powder for half an hour and particle size distribution 

has been estimated. Based on the values obtained in 

manual sieving, further distribution was carried out 

by using Rosin-Rammler equation [15-17]. 

Furthermore, the values of particle size distribution 

are generated in Rosin-Rammler equation have 

been compared with standard Malvern particle size 

analyzer results. 

Empirical equation for the particle size 

distribution is given by:  

 /

3( ) 1
n

dx x
Q x e

 
                                    (1) 

where x  = particle size (µm), 
dx  = constant 

related particle size, n  = constant indicating the 

width of the distribution, Q3(x) = cumulative 

percentage undersize (%). 

Estimation of parameters of different samples in 

Rosin-Rammler equation 

Five different brands of Pozzolona Portland 

Cement (PPC) cement were procured from the local 

market, then subjected to sieving with sieves of 90, 

75, 63 and 45 µm in size used in screening and from 

the retained weight of each sieve from the weighing 

balance, with the obtained data of mesh size to 

particles retained, a graph between Q3 (x) and x is 

plotted. From the graph, using the values of slope 

and intercept ‘xd’ and ‘n’ were evaluated. These 

values were embedded in Rosin-Rammler equation 

(1) to produce the entire particle size distribution. 

RESULTS AND DISCUSSION 

Manual Sieving 

Standard sieves of 90, 75, 63 and 45 µm were 

taken to analyze cement particle size distribution by 

using a vibrator [21]. Coarser size, i.e. 90 µm was 

kept on the top and finer size, i.e. 45 µm was kept in 

bottom, below which the last container pan was kept 

to collect very fine particles. Particles retained on 

each sieve were weighed and accordingly 

cumulative mass weight was estimated.  

Generation of Xd and n values of Rosin-Rammler 

equation 

Based on the values of Table 1, a graph was 

plotted between ln (particle size) vs Ln[-ln(1-

cumulative undersize/100)], and the slope line was 

drawn, from which ‘xd’ and ‘n’ values were 

estimated based on which, ‘n’ and ‘c’ values were 

obtained from the equation y = 1.372x - 4.786. ‘xd’ 

was obtained by exp. (c/n) where ‘c’ value is directly 

taken from the equation. Rosin-Rammler constants 

xd, and n, i.e. xd =32.73 and n =1.3, were 

incorporated in the equation from Fig. 1.  
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Table 1. Particle size distribution of cement obtained by manual sieving. 

Sieve size 

(µm) 

Powder retained 

weight (g) 

Cumulative powder 

mass weight (g) 

Cumulative 

undersize (%) 

90 1.24 1.24 98.76 

75 3.68 4.92 95.08 

63 6.49 11.41 88.59 

45 7.39 18.80 81.20 

Values of xd and n were incorporated in Rosin-

Rammler equation, and the particle size distribution 

was generated for five samples, i.e S1, S2, S3, S4 

and S5, similarly particle size distribution was 

estimated in Malvern Analyzer. The distribution of 

both methods is projected in graphs. RS1, RS2, 

RS3, RS4, RS5 depict particle size distribution 

values of samples 1-5 using Rosin- Rammler 

equation, while MS1, MS2, MS3, MS4, MS5 depict 

particle size distribution of samples 1-5 using 

Malvern analyzer. 

 

 

 

Fig. 1. Graph depicts Ln (particle size) vs Ln (-ln (1-

cumulative undersize/100)) 

 
Fig. 2. Particle size distribution of sample 1 by 

Malvern and Rosin-Rammler 

 
Fig. 3. Particle size distribution of sample 2 by 

Malvern and Rosin Rammler 

 

Fig. 4. Particle size distribution of sample 3 by 

Malvern and Rosin-Rammler 

 
Fig. 5. Particle size distribution of sample 4 by 

Malvern and Rosin-Rammler 



Subhani et al.: Comparison of particle size distribution estimated by Rosin-Rammler equation vs Malvern … 

43 

 
 

Fig. 6. Particle size distribution of sample 5 by 

Malvern and Rosin-Rammler 

Figs. 2 to 6 show a comparison of particle size 

distribution of sample 1 to 5 by Malvern analyzer 

and Rosin Rammler distribution method. It can be 

clearly seen that percentage deviation between two 

methods, i.e. Rosin-Rammler distribution and 

Malvern analyzer is almost negligible, for all five 

samples. 

CONCLUSION 

With the series of cement analysis/particle size 

distribution by using Rosin-Rammler equation, it 

was observed that the results are very much close to 

those of Malvern particle size analyzer. Different 

brands of cement / grades were used to estimate the 

particle size distribution. A deviation of 

approximately 10% was noticed which is in a well -

accepted range. The size of the cement particles 

according to Rosin Rammler equation estimation is 

in the range of 1 µm to 100 µm, which is very much 

matching with the established Malvern Particle 

analyzer. Therefore, it can be concluded that particle 

size distribution measurement using Rosin Rammler 

equation is almost accurate in line with conventional 

Malvern particle size distribution for analyzing PPC 

cement samples. 
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Toxic compounds are present in a vast variety of chemicals found in the environment. The study was performed to 

provide a remedy by using coconut husk (a waste matter) as a biosorbent to remove textile dye (i.e. malachite green dye) 

from synthetic solutions. The coconut husk was dried and crushed into powder form and was used for the experiment. 

Different parameters affecting color removal were analyzed in conventional batch mode and response surface 

optimization was performed. The optimum conditions of parameters (pH: 3-7, biosorbent dose: 20-50 g/L, and time: 80-

300 minutes) for removal of color were found applying RSM. The model predicted the maximum removal of color to be 

92.81% at pH 6.94, time 278.15 minutes, and dosage 41.10 g/L. Sustainability and circular economy can be reached with 

the objective of effluent treatment using biological waste matter.  

Keywords: Biosorption; Coconut husk; Malachite green dye; Optimization; Sustainability; Response surface 

methodology (RSM). 

INTRODUCTION 

The United States Environmental Protection Agency 

(USEPA} listed the toxic organic and inorganic 

contaminants in 1978 [1]. Due to rapid increase in 

population and growth of industrialization in the 

country, the quality of both surface and groundwater 

changes day by day [2]. Maximum Industrial 

effluent consists of various contaminants which 

cause toxic consequences on human beings and 

environment. A large number of chemicals are found 

in the environment containing toxic substances. 

Different dissolved minerals from soil layers mix 

with the groundwater. The surface water is 

contaminated with the discharges of agricultural 

fields containing pesticides, fertilizers, and waste 

chemicals from industries and domestic waste [3-6].  

Adsorption offers a distinct advantage over other 

methods to remove pollutants from wastewater. 

Adsorption can be operated in maximum chemical, 

physical, and biological systems. It is commonly 

used in industrial processes due to its sludge-free 

clean operation, simplicity of design, high reduction 

capacity, and ease of operation at a continuous scale. 

Biosorption is a physicochemical process where 

inactive biological materials accumulate pollutants, 

causing their removal from liquid, solid, or air 

medium on its surface functional groups. Worldwide 

evaluation of waste-biomass as adsorbents (wheat 

shell, rice husk, sawdust, pine bark, cereal chaff, 

etc.) is becoming popular as it is environmental-

friendly, renewable, abundant, (diverse materials 

that could be used for this purpose) and cost-

effective. It is a potential alternative to traditional 

techniques for the removal of pollutants from the 

contaminated effluent even from a diluted solution. 

As a result, research into the use of biomaterials as 

biosorbents of organic and inorganic contaminants 

has grown in popularity in recent years. The 

biosorbent is a potent adsorbent, less expensive than 

other manufactured- adsorbents. The search for new 

biosorbents is essential for the development of 

wastewater treatment rather than the use of the 

conventional adsorbent activated carbon [7]. 

Different scientists have studied MG removal using 

different biosorbents (Table 1) such as modified 

sphagnum peat moss, fish scales, cattail leaves, 

chemically modified biomasses of pine, oak, 

hornbeam and fir sawdust, eucalyptus bark, 

Yarrowia lipolytica isf7, Zea mays L. (maize) husk 

leaves, brown marine algae Turbinaria conoides, 

Coriolus versicolor, chlorella-based biomass, 

Carica papaya wood. The coconut’s (Cocos 

nucifera) husk is widely available and not easily 

biodegradable due to high lignin content. Generally, 

this voluminous husk either ends up its life at landfill 

or is used to burn which simultaneously increases the 

air pollution and causes different lung diseases. Also 

many devotees in India use the coconut husk for 

burning purpose during puja. That also causes the 

emission of toxic green house gases like NOx, CO2 

at home, and CO. 
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Table 1. Literature data on removal of Malachite green dye using different biosorbents 

Biosorbent used Experimental conditions Findings References 

Modified sphagnum peat 

moss 

 

a) Dye concentration: 60 mg/L 

b) pH: 6.5 

c) Adsorbent concentration: 

0.6g/L 

d) Contact time: 90 min 

e) Stirring speed: 160 rpm 

Maximum 

adsorption 

capacity 

121.95 mg/g at 

20 °C 

[8]  

Fish (Labeo rohita) 

scales 

a) Dye concentration: 50 mg/L 

b) pH: 8 

c) Adsorbent concentration: 2g/L 

d) Contact time: 3 h 

e) Stirring speed: 150 rpm 

Maximum 

adsorption 

capacity 

38.46 mg/g at 40 

°C 

[9]  

Cattail  

(Typha angustifolia) 

leaves 

a) Dye concentration: 50 mg/L 

b) pH: 4 

c) Adsorbent concentration: 

0.25g/L 

d) Contact time: NA 

e) Stirring speed: 400 rpm 

Maximum 

adsorption 

capacity 

18.84 mg/g at 45 

°C 

[10]  

Cetyltrimethylammoniu

m bromide (CTAB) 

modified multi-

component biosorbent 

composed of pine, oak, 

hornbeam and fir sawdust 

biomasses 

a) Dye concentration: 30 mg/L 

b) pH: 8 

c) Adsorbent concentration: 11 mg 

d) Contact time: 120 min 

e) Stirring speed: 400 rpm 

Maximum 

adsorption 

capacity 

52.610 mg/g 

[11]  

Eucalyptus bark a) Dye concentration: 50 mg/L 

b) pH: 5 

c) Adsorbent concentration: 0.4g 

d) Contact time: 270 min 

e) Stirring speed: 400 rpm 

Maximum 

adsorption 

capacity 

59.88 mg/g at 20 

°C 

[12]  

Yarrowia lipolytica 

isf7 

a) Dye concentration: 35 mg/L 

b) pH: 7 

c) Adsorbent concentration: 5mg 

d) Contact time: 48 h 

e) Stirring speed: NA 

Maximum 

adsorption 

capacity 

155.098 mg/g 

[13]  

Coriolus versicolor a) Dye concentration: 0.39 mg/L 

b) pH: NA 

c) Adsorbent concentration: 0.05g 

d) Contact time: 24.81 min 

e) Stirring speed: NA 

Maximum 

adsorption 

capacity 

18.84 mg/g at 45 

°C 

[14]  

Zea mays L. (maize) husk 

leaves 

a) Dye concentration: 200 mg/L 

b) pH: 6 

c) Adsorbent concentration: 

2.5g/L 

d) Contact time: 30 min 

e) Stirring speed: NA 

Maximum 

adsorption 

capacity 

81.5 mg/g at 50 °C 

[15]  

Brown marine algae 

Turbinaria conoides 

a) Dye concentration: 100 mg/L 

b) pH: 8 

c) Adsorbent concentration: 0.55 g 

d) Contact time: 150 min 

e) Stirring speed: 200 rpm 

Maximum 

adsorption 

capacity 

66.6 mg/g at 30 °C 

[16]  
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Chlorella-based biomass a) Dye concentration: 10 mg/L 

b) pH: 7 

c) Adsorbent concentration: 2 g 

d) Contact time: 60 min 

e) Stirring speed: 400 rpm 

Maximum 

adsorption 

capacity 

9.775 mg/g 

[17]  

Carica papaya wood  a) Dye concentration: 10 mg/L 

b) pH: 10 

c) Adsorbent concentration: 0.1 g 

d) Contact time: 24 h 

e) Stirring speed: 120 rpm 

Maximum 

adsorption 

capacity 52.62 

mg/g at 30°C 

[18]  

Table 2. Experimental range and levels of independent process variables 

Independent 

variables 

 

Range and levels (coded) 

–α –1 0 +1 +α 

pH (A) 1.63 3 5 7 8.36 

Dose (B) 9.773 20 35 50 60.22 

Time, minutes (C) 5 80 190 300 374.99 

 

Table 3. 23 Factorial experimental setup and percentage color removal as response 

Run      pH (A)  Dose, g/L (B) Time, minutes (C)  Experimental results    

(% color removal)    

    1 7.00 20  80     62±0.01 

 2 5 35 190  60±0.03 

 3 5 9.77 190  15±0.01 

 4 3 50 300  58±0.01 

 5 3 20 300  1.1±0.01 

 6 1.64 35 190  10.5±0.02 

 7 3 50 80  2.3±0.01 

 8 8.36 35 190  92±0.01 

 9 5 35 190  60±0.01 

 10 5 35 190  61±0.01 

 11 5 35 190  62±0.01 

 12 7 50 300  88.3±0.01 

 13 5 35 190  60±0.02 

 14 5 35 5  12±0.03 

 15 7 20 300 76±0.02 

 16 3 20 80 0.7±0.01 

 17 7 50 80  21±0.01 

 18 5 35 190  60±0.01 

 19 5 35 375  74±0.03 

 20 5 60.23 190  29±0.02 

Table 4. Analysis of variance for the response surface quadratic model for color removal 

Source Sum of  

squares 

Degree of 

freedom (df) 

Mean 

square 

F value Probablity value 

(P value)  

Model 17493.24 9 1943.69 1040.17 <0.0001 

Residual 18.69 10 1.87   

Lack of fit 15.19 5 3.04 4.34 0.0665 

Pure error 3.50 5 0.70   

Cor total 17511.93 19    

R2= 0.9989; adjusted R2=0.9980;  predicted R2=99.31 
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Table 5. Regression analysis by using central composite design 

Model 

Term 

Coefficient 

estimate 

Standard 

error 

F value P value Remarks 

A 23.60    0.37 4069.64 < 0.0001 Significant 

B 3.91  0.37 111.51 < 0.0001 Significant 

C 17.70  0.37 2288.63 < 0.0001 Significant 

AB -10.90 0.48 508.65    < 0.0001 Significant 

AC 3.15 0.48 42.48 < 0.0001 Significant 

BC 13.58  0.48 788.95 < 0.0001 Significant 

A2 -3.01    0.36 69.77 < 0.0001 Significant 

B2 -3.01    0.36 1374.33 < 0.0001 Significant 

C2 -5.92    0.36 270.71 < 0.0001 Significant 

Circular material management needs to be 

practiced following 5Rs principles (reduce, reuse, 

recycle, repurpose, regenerate) to recover the 

resources from being wasted and to recover their 

value as well. Segregated organic waste can be used 

for composting and bio gasification, which has 

economic value and is environmental friendly as 

well. Similarly, segregated non-organic dry waste 

can go for recycling purpose. In developing 

countries like India there are too many landfills for 

all the unsegregated mixed waste. In developed 

countries there are 5Rs practices which save the 

material from being wasted and recover its economic 

value as well. To achieve SDG goal 12, i.e. 

responsible production and consumption and 

circular economy of the waste generated from 

coconut, the present study was performed. Coconut 

husk was used to remove textile dye (Malachite 

green dye) from synthetic wastewater. The effect of 

pH, adsorbent dose and time on percentage removal 

of color was studied in conventional batch mode and 

in statistical optimization experiment. 

MATERIALS AND METHODS 

Malachite green (MG) dye 

Malachite green [(C23H25ClN2) molecular 

weight: 365, color index: 42000] dye is extensively 

applied in various textile industries. It is found to be 

hazardous and known for its cytotoxic, genotoxic 

and carcinogenic potential. It was procured from 

Thermoelectrons LLS India PVT LTD Mumbai. The 

maximum absorbance of MG dye is at 621 nm. 

Dilute solutions of NaOH (1M) and HCl (1M) were 

used to adjust the pH of synthetic dye solution using 

a digital pH meter (Fisher Scientific) measured with 

standard buffer solutions.  

Coconut husk 

Coconut water is very popular for its  mineral 

value in summer time. In India coconut oil also is 

commonly used as cooking oil and hair oil purposes. 

The raw coconut husk (supplementary picture) was 

collected from a local shop at Delhi NCR, India for 

the present study.  

Biosorbent preparation 

The coconut husk was cleaned using distilled 

water to separate the external dirts and dried at 60-

65°C in a hot-air oven for 48 hours. Then the dried 

coconut husk was crushed in small particles using a 

motor pestle and kept under sunray for 7 days to 

further remove the moisture content. The coconut 

husk-biosorbent was kept in an air-tight bottle.  

Experimental procedure for batch biosorption 

Diluting the appropriate amount of stock solution 

in a 250 ml flask yielded 100 ml of synthetic solution 

(100 mg/L concentration) of Malachite green dye. 

Predetermined amount of biosorbent dose was added 

in the conical flask by agitating with a shaker 

(Biosphere Corporation) at 30°C temperature. The 

liquid sample was withdrawn at different times (60, 

120, 180, 240, 300 minutes) to determine the effect 

of time on percentage removal of color. The pH of 

dye solution was varied from 3.0 to 9.0 to analyze 

the consequence of varying pH on percentage 

removal of color. The biosorbent dose was varied 

from 10-50 g/L to analyse the effect of biosorbent 

dose on percentage removal of color. After 

centrifugation (Bench Top Centrifuge by REMI 

Motors Limited) at 5000 rpm of the sample for 15 

minutes, the supernatant was analysed using a 

colorimeter at 621 nm. The color removal of 

supernatant was tested by a Delux Photo Colorimeter 

manufactured by Labrotonics, India. All glassware 

was cleaned with distilled water and air-dried in a 

hot-air oven. The dye solution was analysed using a 

colorimeter before and after adsorption experiments. 
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The amount of dye adsorbed is calculated in 

percentage (%) abys equation (1): 

%𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝐶0−𝐶𝑒)

𝐶0
× 100% (1) 

where, C0 is the initial concentration (mgL-1) of dye, 

Ce is the final concentration of dye after biosorption. 

Optimization of experimental parameters 

Statistically based central composite design 

(CCD) of RSM was performed to check the optimum

conditions of experimental parameters (independent

parameters: pH, dose, time) for maximum color

removal (dependent variable: response) of MG dye

solution (dye concentration: 100 mg/L). The

software Design Expert Version 7.0.0 (Stat Ease,

USA) was applied in this investigation. The

maximum and minimum levels of experimental

parameters are tabulated in supplementary Table 2.

The optimal location is determined using the

following formula, equation (2):

 


+XX+ X +  X+oY jiij

1ij1i

2

iii

K

1i

ii

K

1i



          (2) 

where, Y is the predicted response, Xi and Xj indicate 

the independent variables, βo, βi, βii, βij, are the 

statistical errors and denote regression coefficients. 

The trials (number 20) were carried out at factorial 

points (coded 1 notation), axial points (), and centre 

points (0) in duplicate.  

RESULTS AND DISCUSSION 

Effect of pH, biosorbent dose and time on % 

removal of color in conventional batch mode 

Figure 1. Effect of a) pH b) biosorbent dose on color 

removal at different times in conventional batch mode.

Figure 2. RSM contour plots for the consolidated effect of a) pH and biosorbent dose b) pH and time c) biosorbent 

dose and time on the % removal of MG dye.  
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Figure 3. Comparison of the actual experimental data 

with predicted data by RSM model. 

Figure 4. The RSM optimization ramp of desirability 

(1.000).  

Figure 1 shows the biosorption of the MG dye at 

different pH values of the solution with time. Color 

removal was obtained to be in the range of 59%- 

90% at 360 minutes on varying the pH from 3.5 to 9 

(Figure 1a). The color removal (90 %) was noticed 

to be maximum at pH 7.5 till 240 minutes from 100 

mg/L concentration of MG dye solution. The color 

removal of MG dye was studied by varying the 

quantity of biosorbent dose (10, 20, 30, 40, 50 g/L) 

in the synthetic solution at different time intervals 

while keeping fixed other parameters (i.e., dye 

concentration: 100 mg/L, pH: 7, temperature: 30°C, 

shaking speed: 120 rpm). Percent MG removal was 

obtained in the range of 68% - 90% at 360 minutes, 

varying the dosage from 10-70 g/L (Figure 1b). The 

percent adsorption was increased when the 

biosorbent dosage is increase. The percentage color 

removal (90%) reaches maximum using 50 g/L 

biosorbent dose at pH 7.5. Initially with increasing 

pH and dose the removal was improved. Major color 

removal was noticed at pH 7.5 in conventional batch 

mode. Above 50 g/L dose the removal was observed 

to decrease. After optimum points of pH (7.5) and 

dose (50 g/L) the removal became stagnant or 

slightly reduced. 

Combined effect of experimental parameters on % 

removal of color in response surface optimization 

The integrated effect of two parameters on % 

removal of color is shown in the 2-D contour plots 

(Figures 2a,b,c). It was validated that pH, dose and 

time have a vigorous effect on % color removal 

(Table 3). Maximum color removal was predicted by 

the model to be 92.81% at pH 6.94 and time 278.15 

minutes, dosage 41.10 g/L.  The primary dye 

concentration at 100 mg/L and shaking speed of 120 

rpm were kept settled during the experiments. In 

terms of actual factors, the quadratic equation 3 

expresses the link between the theoretical removal 

and the independent process parameters: 

%𝐶𝑜𝑙𝑜𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = −142.63689 + 29.31439𝐴 +
4.66698B − 0.012611𝐶 − 0.36333𝐴𝐵 +
0.014318𝐴𝐶 + 0.0082272 𝐵𝐶 − 0.75194𝐴2 −
0.059330𝐵2 − 0.000489636𝐶2    (3) 

where A is pH, B is biosorbent dose (g/L) and C is 

time in minutes. The removal (92%) was calculated 

using the optimum points and the above CCD 

equation. The statistical importance of the model 

was estimated by ANOVA (Table 4). The low 

probability of F-value and non-significant lack of fit, 

entails high significance of this statistical model. 

The value of determination coefficient R2 (0.9989) 

indicates goodness of fit [19, 20]. The outcomes 

proposed that equation was preferable for the CCD 

model.  In the recent study, A, B, C, AB, AC, BC, 

A2, B2 and C2 are significant experimental 

parameters (Table 5). Figures 3 and 4 distinguish 

between actual experimental data and those 

predicted by the RSM model and the optimization 

ramp of desirability (1.000), respectively. The RSM 

optimization validated that there was prominent 

effect of pH, dose and time on the color removal. 

Recommendation & Conclusion 

The coconut husk is flabby and voluminous. The 

transport cost of the material is associated with it and 

also the chance of material loss due to overflow from 

the vehicle. The value chain can be disturbed in this 

way. Effective transportation will require more cost, 

and that can be an obstacle in using the husk 

(imagining the cost of carrying the raw materials 

increases) [21]. Also, another issue is regarding the 

preservation of the raw materials intact that are away 

from getting rotten. Any place, which has the 

problem of flood and water stagnancy (as an 

outcome of climate change) will stand as a problem. 

Effective transportation and storage are the 

requirements to solve these. 

The waste biomass of coconut husk was 

examined as biosorbent to remove a textile dye; 
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Malachite green from synthetic solutions prepared at 

laboratory. The MG removal process was influenced 

by varying pH, time, and coconut husk-dose. The 

optimum color removal predicted by the model was 

observed to be 92.81% at pH 6.94 and time 278.15 

minutes, dosage 41.10 g/L, initial dye concentration 

being kept fixed at 100 mg/L during the experiments. 

This study shows that coconut husk can be applied 

as an efficient biosorbent to reduce textile dyes in the 

effluent of a treatment plant. Further, the coconut 

husk is not easily biodegradable and causes a huge 

amount of solid waste generation.  

Textile industry can collect the coconut husk 

from the local coconut seller through strong supply 

chain management. The adsorbent can be prepared 

easily at their R&D lab or it can be procured from 

relevant technical institutes via collaboration. The 

adsorbent can be used in continuous mode to treat 

the dye contaminated effluent in a simple agitated 

reactor. Also, there is scope of recovery of adsorbent 

and dye through desorption. In this way, waste to 

wealth can be aimed by focusing the circular 

economy & sustainability goals for effluent 

treatment using waste matter. 
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This study explores the different product particle size of coal while applying dry and wet grinding and optimization 

of parameters affecting the grinding process with both methods. Grinding of coal up to µm size is indispensable to achieve 

its maximum calorific value and better combustion. A systematic experiment, as well as modeling of grinding of Indian 

coal of size -3.5 +1 mm was done by response surface methodology. There were five different parameters chosen, which 

were found to be affecting the grinding process, namely: amount of feed (100-150-200 g), ball mill rotational speed (20-

30-40 rpm), time of grinding (4-7-10 min), and number of balls (10-15-20); in case of wet grinding amount of water 

(10%-20%-30% of feed by weight) was added. Effect of parameters and their interaction on the fineness was evaluated 

by Box-Behnken design and ANOVA. Moreover, wet grinding shows better results of fineness of coal. Grindability of 

the coal was tested by standard Bond grindability test and calculated from breakage rate by Mohs’ hardness. Experimental 

results are in good agreement with model equation and regression coefficient (R2) was obtained to be 0.97 and 0.98 for 

dry and wet grinding, respectively. 

Keywords: Grinding of coal, Surface response methodology, Dry and wet grinding, Ball mill, Box-Behnken design. 

INTRODUCTION 

India is the third-largest country after USA and 

China in energy consumption. The demand is 

increased by 7.9 % in 2018, and its global share is 

5.8 %. The total primary energy consumption from 

coal is 452.2 metric tons which is 55.88 % of total 

energy required in the calendar year 2018. As per 

consumption and population, India is largely 

dependent on coal imports to fulfill its energy 

demands by 2030; India's dependence on energy 

imports is expected to exceed 53% of the country's 

total energy consumption. Nonetheless, the 

requirement of energy to grind coal up to 100 µm is 

huge, but the efficiency of combustion increases 

with decreased particle size [1]. 

Preheating coal in an oven has been shown to 

reduce grind strength, although it is unlikely that this 

would be an economically possible method, at least 

not through associated energy requirements [2]. Fine 

particles of coal have several applications like coal 

water slurry [3, 4], micro size coal in cement clinker 

production, coal beneficiation of air-fluidized bed, 

reduction of sulfur, ash and other impurities in micro 

size coal particles [5, 6]. Mineralogical 

characteristics of materials and operating variables 

noticeably affect the fineness of coarse particles [7, 

8]. These parameters include the mill speed, ball 

size, filling rate, feed size distribution, pulp density 

and material hardness. According to [9], pulp density 

has the most significant effect on the fineness of 

particles. Most fine particles were obtained at 45 vol. 

% solid concentration of copper ore, quartz and coal.  

In a previous study [10], dry grinding of coal in a 

laboratory ball mill showed that grinding is most 

influenced by the amount of feed and time of 

grinding. In another reference, ball charge has been 

found to have a significant effect on the product 

fineness for same specific energy consumption and 

increases power draws of the mill linearly [11]. In a 

study, the charge ratio, Bond work index and the ball 

diameter of Turkish coal and ore grinding were taken 

as the variables in the experiments, however, time of 

grinding is also an important parameter to decide the 

fineness in the grinding experiments [12, 13]. The 

ash content was quite low compared to the Indian 

coal. The ball size should be large enough and 

weight of balls must be sufficient to grind the charge 

efficiently. The current work uses constant ball size, 

and these are considered to be efficient for the 

grinding media.  

Fine grinding being of importance for liberation 

of coal and attaining maximum calorific value, 

further enhancement in the performance of ball mill 

can be obtained by evaluating the effects of 

operating parameters on mill efficiency. The number 

of balls, feed size, time of grinding, rotational speed 

and grinding aid as water for wet grinding were 

considered to be controlling factors. The grinding 

and breakage of particles may depend on different 

parameters as discussed earlier. The effect of 

optimum parameters on fine grinding with  dry  and  
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wet methods was found using Box-Behnken design 

and ANOVA. MATLAB code and Microsoft Excel 

were used to regress from the model.  

Standard Bond grindability test for coal 

The Bond grindability test is a closed loop 

grinding and screening process, which is continued 

until steady state conditions is achieved. Applying 

the Bond test it is assumed that all particles break 

similarly then only equilibrium or steady state is 

achieved. The test was executed by packing the coal 

and grinding media with 2000 cm3 volume. This 

volumetric weight was used for the grinding tests. 

From the beginning of the cycle the ball mill was 

operated at 25 rpm for 30 min, arbitrarily chosen 

below the critical speed. At the end of each grinding 

cycle, the product was poured from the mill and 

screened on the test sieve (Pi). The oversize material 

was sent back to the mill along with fresh feed to 

maintain 2000 cm3 volume. The weight of product 

per unit of mill revolution is named as ore 

grindability of the cycle, it was used to calculate and 

estimate the number of revolutions required in 

second cycle, it was equivalent to 250 % of the 

circulating grinding media and feed. This process 

was continued until equilibrium was attained for the 

grindability which arises in 6-12 cycles. After 

achieving equilibrium, the last three values were 

considered as the average standard Bond 

grindability. The products of the final three cycles 

were combined to form the equilibrium rest product. 

Sieve analysis was done for 80% passing size of the 

product.  

After crushing the samples in a jaw crusher and 

roll mill, standard grindability tests were performed. 

The Bond work index (Wi) was calculated as 

Equation 1: 

𝑊𝑖 = 1.1 ×
44.5

𝑃𝑖
0.23𝐺𝑏

0.82[(
10

√𝑃80
)−(

10

√𝐹80
)]

(1) 

where Wi is the work index in kWh/t; Pi, test sieve 

size at which test had been performed; Gb, Bond’s 

ball mill grindability, net weight of ball mill product 

passing 80 % of test sieve per cycle (g/cycle); P80, 

sieve opening of 80 passing; F80, sieve opening 80 % 

of feed passing. For each coal sample all the 

parameters mentioned were calculated and Wi is 

reported in Table 1.    

MATERIALS & METHODS 

Coking coal which was collected from the 

overflow stream (washed coal) of a dense medium 

cyclone at Gujarat Mineral Development 

Corporation, Gujarat, was used as the raw material. 

A jaw crusher and a roll mill were used to prepare 

particles for grinding in a ball mill. The particle size 

initially present was of 4-5 mm. The d80 size of coal 

particles for ball mill feed was -3.5 +1 mm. Grinding 

tests were performed in a cylindrical laboratory-

scale ball mill and specifications of the ball mill and 

balls are mentioned in Table 2. The rotation speed of 

the ball mill was kept below the critical speed.  

Table 1. The values of F80, P80, Gb and Wi of different 

dry and wet coal samples. 

Coal F80 

(µm) 

P80

(µm) 

Gb 

(g/cycle) 

Wi 

(kWh/t) 

Dry coal 385 2.15 7562 16.23 

Coal with 

10% water 

of feed 

372 2.02 7845 14.25 

Coal with 

20% water 

of feed 

387 1.84 7926 14.21 

Coal with 

30% water 

of feed 

385 1.75 7985 14.23 

Table 2. Specification of sample and ball mill 

Mill Inner diameter (D), 

cm 

21 

Length, cm 25 

Operational speed 

(N, rpm) 

20, 30, 

40 

Critical speed 

(Nc, rpm) 

121-133

Media 

charge 

Materials Alloy 

steel 

Mass of a ball, gm 67 

Ball diameter, (d) 

cm 

2.4 

Ball density, g/cm3 7.6 

Material Sample coal 

Moisture, % 5.35 

Volatile compounds, 

% 

18.65 

Fixed carbon, % 35.6 

Ash content, % 40.04 

Calorific value 4766 

Cal/g 

Critical 

speeda 

calculation 

𝑁𝑐

=
30

𝜋
√

2𝑔

(𝐷 − 𝑑) sin 𝛽√1 − 𝜑𝑠

a In critical speed, it is to be noted that φ is the filling 

ratio of grinding media and charge volume to the mill 

volume which is 0.19-0.23, it is kept below 0.6 in a ball 

mill. 𝛽 is the material angle of repose for balls, 29˚.  
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Response surface methodology 

Conventional method takes much longer time to 

find the optimum parameters and does not provide 

any information regarding interaction of parameters 

to each other and parameters combined effect is not 

perceivable on the response. The minimum number 

of experiments to be performed according to the 

Box-Behnken design can be found by the following 

equation: 

𝑁 = 2𝑁𝑓(𝑁𝑓 − 1) + 𝐶𝑝 (2) 

where Nf   is the number of parameters used to fit the 

model, and Cp is the number of the central points. A 

design matrix accordingly was prepared for dry and 

wet grinding in Tables 3 and 4, respectively.  
A Box-Behnken design with three levels was 

employed to evaluate the effect of different 

independent parameters on coal grinding. To find the 

optimum conditions, a quadratic model was used to 

relate the grinding of coal to independent 

parameters: 

𝑦 =  𝛼0 +  ∑ 𝛼𝑗𝑥𝑗 +  ∑ 𝛼𝑗𝑗𝑥𝑗
2𝑛

𝑗=1 +𝑛
𝑗=1 

 ∑ ∑ 𝛼𝑗𝑘𝑥𝑗𝑥𝑘 +  𝛿𝑛
𝑘=2

𝑛−1
𝑗=1 (3) 

The set of a regression coefficient α’s is unknown 

and estimated by the least square method. In a vector 

matrix, the equation for the least square fit can be 

represented by: 

𝑌 = 𝑋𝛼 + 𝛿 (4) 

where Y is defined as the measured value and X to be 

a matrix of independent variables. 

Regression coefficient α can be found by the non-

singular regression matrix transpose X’. 

𝛽 = (𝑋′𝑋)−1𝑋′𝑌          (5) 

where X’ is the transpose of the matrix X and (X’X)-

1 is the inverse of the matrix X’X. 

So these first four independent parameters for dry 

grinding and five independent parameters for wet 

grinding were coded at three levels with the same 

step size; that are +1, 0, and -1, where +1 represents 

the maximum value, 0 represents the centre, and -1 

represents the minimum value of each parameter 

which was considered for analysis. Within the 

present research framework, the discussion was 

focused on the effect of the number of balls (A), 

amount of feed charged (B), grinding time (C), 

rotational speed (D) for dry grinding. An additional 

parameter the amount of water (E) was also included 

in wet grinding on the fineness of coal using a Box-

Behnken design.  

RESULTS AND DISCUSSION 

Statistical analysis with Box-Behnken design 

The independent parameters and their levels are 

presented in Table 2. If the total number of variables 

along with full factorial is considered (3)4, 81 

experiments will be required. Instead of doing that 

many experiments, the Box-Behnken design 

required 27 experiments as per the design. Eq. (2) 

represents the model equation which correlates the 

response which is a fineness (d80) and different 

independent parameters for dry grinding. In wet 

grinding an independent parameter amount of water 

is also considered. Due to increase in the number of 

parameters, the number of experiments as per Box-

Behnken design is also changed to 47 experiments. 

The model equations for both conditions are given 

below. 

dry grinding: 
𝑑80 = 5.319 − 0.077𝐴 − 0.017𝐵 − 0.021𝐶 − 0.0218𝐷 +
0.00023𝐴𝐵 − 0.0026𝐴𝐶 − 0.0009𝐴𝐷 + 0.00015𝐵𝐶 −
0.00004𝐵𝐷 − 0.0027𝐶𝐷 + 0.0024𝐴2 + 0.00005𝐵2 +

+0.006𝐶2 + 0.0008𝐷2             (6) 

wet grinding: 
𝑌𝑑80 = 9.922 − 0.303𝐴 − 0.013𝐵 − 0.4206𝐶 − 0.4206𝐶 −
0.0681𝐷 − 0.077𝐸 − 0.00027𝐴𝐵 + 0.016𝐴𝐶 + 0.001𝐴𝐷 +
0.0016𝐴𝐸 + 0.00019𝐵𝐶 − 0.00047𝐵𝐷 − 0.00015𝐵𝐸 −
0.002𝐶𝐷 + 0.0017𝐶𝐸 + 0.003𝐷𝐸 + 0.004𝐴2 +

0.00012𝐵2 + 0.005𝐶2 + 0.00009𝐷2 − 0.00022𝐸2       (7)  

where A is the number of balls; B is the amount 

of feed; C is the time of grinding; D is the revolutions 

per minute of the ball mill and E is the % amount of 

water added for wet grinding as defined in Table 4. 

The design matrix considering minimum, maximum 

and central value defined in Tables 4 and 5 for dry 

and wet grinding, respectively, was evaluated as per 

model. The experimental values were obtained by 

performing experiments, and the predicted values 

were calculated using Eqs. 6 and 7. 

The experimental results were subjected to 

variance analysis (ANOVA) for both grinding 

methods. The results of ANOVA are shown in Table 

5. The F-value of dry and wet grinding was 32.81

and 162.21, respectively. It was higher than 95%

confidence level (P-value is less than 0.05). The

values of P-values were acceptable for both models;

it indicated that both models were convincing.

Model terms or variables having P-values less than

0.05 are significant terms, on the other hand,

variables having a P-value greater than 0.1 are not

much significant for the model. Lack of fit in both

cases was < 0.05, 0.012 for dry grinding and 0.04 for

wet grinding, respectively.  It  is  not  significant  in
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both cases. The values of regression coefficients are 

shown in Figure 1 for dry and wet grinding; the 

predicted values using Eqs. (6) and (7) and 

experimental values are in good agreement.

Table 3. Design matrix with coded & actual design parameters for dry grinding 

Run 

No. 

Coded Uncoded 

d80 exp d80 pre A B (g) C (min) 

D 

(rpm) A B (g) C (min) D (rpm) 

1 -1 -1 0 0 10 100 7 30 2.90 2.96 

2 -1 1 0 0 10 200 7 30 2.94 2.89 

3 1 -1 0 0 20 100 7 30 2.64 2.70 

4 1 1 0 0 20 200 7 30 2.89 2.84 

5 0 0 -1 -1 15 150 4 20 2.97 2.93 

6 0 0 -1 1 15 150 4 40 2.90 2.91 

7 0 0 1 -1 15 150 10 20 2.89 2.89 

8 0 0 1 1 15 150 10 40 2.50 2.54 

9 -1 0 0 -1 10 150 7 20 2.95 2.93 

10 -1 0 0 1 10 150 7 40 2.82 2.84 

11 1 0 0 -1 20 150 7 20 2.95 2.87 

12 1 0 0 1 20 150 7 40 2.62 2.59 

13 0 -1 -1 0 15 100 4 30 2.94 2.96 

14 0 -1 1 0 15 100 10 30 2.79 2.71 

15 0 1 -1 0 15 200 4 30 2.94 2.96 

16 0 1 1 0 15 200 10 30 2.87 2.79 

17 -1 0 -1 0 10 150 4 30 2.96 2.93 

18 -1 0 1 0 10 150 10 30 2.77 2.80 

19 1 0 -1 0 20 150 4 30 2.84 2.86 

20 1 0 1 0 20 150 10 30 2.48 2.57 

21 0 -1 0 -1 15 100 7 20 2.92 2.94 

22 0 -1 0 1 15 100 7 40 2.85 2.78 

23 0 1 0 -1 15 200 7 20 2.87 3.00 

24 0 1 0 1 15 200 7 40 2.75 2.79 

25 0 0 0 0 15 150 7 30 2.67 2.67 

26 0 0 0 0 15 150 7 30 2.67 2.67 

27 0 0 0 0 15 150 7 30 2.67 2.67 

Table 4. Design matrix with coded & actual design parameters for wet grinding 

Run 

No. 

Coded Uncoded 

d80 exp d80 pre A B (g) C (min) 

D 

(rpm) 

E 

(ml) A 

B 

(g) 

C 

(min) 

D 

(rpm) 

E 

(ml) 

1 -1 -1 0 0 0 10 100 7 30 20 2.56 2.56 

2 -1 1 0 0 0 10 200 7 30 40 2.85 2.83 

3 1 -1 0 0 0 20 100 7 30 20 2.41 2.39 

4 1 1 0 0 0 20 200 7 30 40 2.75 2.79 

5 0 0 -1 -1 0 15 150 4 20 30 2.98 2.95 

6 0 0 -1 1 0 15 150 4 40 30 2.32 2.35 
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7 0 0 1 -1 0 15 150 10 20 30 2.62 2.60 

8 0 0 1 1 0 15 150 10 40 30 1.71 1.70 

9 0 -1 0 0 -1 15 100 7 30 10 2.05 2.05 

10 0 -1 0 0 1 15 100 7 30 30 2.63 2.65 

11 0 1 0 0 -1 15 200 7 30 20 2.51 2.49 

12 0 1 0 0 1 15 200 7 30 60 2.72 2.74 

13 -1 0 -1 0 0 10 150 4 30 30 3.02 3.05 

14 -1 0 1 0 0 10 150 10 30 30 2 2.01 

15 1 0 -1 0 0 20 150 4 30 30 2.43 2.41 

16 1 0 1 0 0 20 150 10 30 30 2.42 2.45 

17 0 0 0 -1 -1 15 150 7 20 15 2.84 2.89 

18 0 0 0 -1 1 15 150 7 20 45 2.42 2.46 

19 0 0 0 1 -1 15 150 7 40 15 1.14 1.16 

20 0 0 0 1 1 15 150 7 40 45 2.61 2.68 

21 0 -1 -1 0 0 15 100 4 30 20 2.62 2.67 

22 0 -1 1 0 0 15 100 10 30 20 2.11 2.18 

23 0 1 -1 0 0 15 200 4 30 40 2.83 3.01 

24 0 1 1 0 0 15 200 10 30 40 2.65 2.51 

25 -1 0 0 -1 0 10 150 7 20 30 2.88 2.95 

26 -1 0 0 1 0 10 150 7 40 30 2.06 2.05 

27 1 0 0 -1 0 20 150 7 20 30 2.78 2.70 

28 1 0 0 1 0 20 150 7 40 30 2.16 2.10 

29 0 0 -1 0 -1 15 150 4 30 15 2.43 2.39 

30 0 0 -1 0 1 15 150 4 30 45 2.75 2.76 

31 0 0 1 0 -1 15 150 10 30 15 1.78 1.72 

32 0 0 1 0 1 15 150 10 30 45 2.42 2.44 

33 -1 0 0 0 -1 10 150 7 30 15 2.3 2.28 

34 -1 0 0 0 1 10 150 7 30 45 2.62 2.58 

35 1 0 0 0 -1 20 150 7 30 15 1.95 1.93 

36 1 0 0 0 1 20 150 7 30 45 2.75 2.72 

37 0 -1 0 -1 0 15 100 7 20 20 2.81 2.86 

38 0 -1 0 1 0 15 100 7 40 20 1.92 1.93 

39 0 1 0 -1 0 15 200 7 20 40 2.98 3.02 

40 0 1 0 1 0 15 200 7 40 40 2.42 2.44 

41 0 0 0 0 0 15 150 7 30 30 2.33 2.33 

42 0 0 0 0 0 15 150 7 30 30 2.33 2.33 

43 0 0 0 0 0 15 150 7 30 30 2.33 2.33 

44 0 0 0 0 0 15 150 7 30 30 2.33 2.33 

45 0 0 0 0 0 15 150 7 30 30 2.33 2.33 

46 0 0 0 0 0 15 150 7 30 30 2.33 2.33 
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Table 5 ANOVA analysis of dry and wet grinding 

Dry grinding 

Source The sum of square 

distances (SS) 

Mean 

squares 

F-value P-value PA =(SS/SStotal) % 

Model 0.4736 0.0338 32.81 0.000 - 

A 0.0118 0.0118 11.52 0.005 2.68 

B 0.0608 0.0608 59.04 0.000 13.79 

C 0.00035 0.00035 0.34 0.57 0.08 

D 0.00375 0.0037 3.64 0.081 0.85 

Square 0.0924 0.023 22.4 0.000 20.96 

A*A 0.0202 0.0202 19.67 0.001 4.58 

B*B 0.0805 0.0805 78.14 0.000 18.26 

C*C 0.0163 0.0163 15.88 0.002 3.70 

D*D 0.0377 0.0377 36.64 0.000 8.55 

Interaction 0.0585 0.0097 9.47 0.001 13.27 

A*B 0.0132 0.0132 12.82 0.004 2.99 

A*C 0.0064 0.0064 6.21 0.028 1.45 

A*D 0.0081 0.0081 7.85 0.016 1.84 

B*C 0.002 0.0025 1.96 0.186 0.45 

B*D 0.0016 0.0016 1.55 0.237 0.36 

C*D 0.0272 0.027 26.4 0.000 6.17 

Lack-of-fit 0.0123 0.0012 

Pure Error 0 0 

Total 0.4408 

Wet grinding 

Source Adj SS Adj MS F P PA =(SS/SStotal) % 

Model 6.344 0.3172 162.21 0.000 - 

A 0.229 0.2299 117.56 0.000 5.05 

B 0.033 0.0339 17.37 0.000 0.73 

C 0.171 0.1713 87.62 0.000 3.77 

D 0.0463 0.0463 23.68 0.000 1.02 

E 0.161 0.161 82.33 0.000 3.55 

Square 0.6127 0.1225 62.66 0.000 13.51 

A*A 0.1199 0.1199 61.35 0.000 2.64 

B*B 0.3206 0.3205 163.92 0.000 7.07 

C*C 0.0186 0.0186 9.54 0.005 0.41 

D*D 0.00078 0.00078 0.4 0.533 0.02 

E*E 0.0256 0.0256 13.12 0.001 0.56 

Interaction 1.3432 0.1343 68.68 0.000 29.62 

A*B 0.0126 0.0126 6.45 0.018 0.28 

A*C 0.255 0.255 130.39 0.000 5.62 

A*D 0.01 0.01 5.11 0.033 0.22 

A*E 0.0576 0.0576 29.45 0.000 1.27 

B*C 0.0023 0.00235 1.2 0.283 0.05 



S. Gautam et al.: A statistical analysis and optimization of Indian coal grinding in a laboratory ball mill …

57 

B*D 0.1496 0.1496 76.54 0.000 3.30 

B*E 0.0313 0.0313 16.03 0.000 0.69 

C*D 0.0156 0.0156 7.99 0.009 0.34 

C*E 0.0256 0.0256 13.09 0.001 0.56 

D*E 0.893 0.893 456.61 0.000 19.69 

Lack-of-fit 0.0488 0.0024 

Pure Error 0 0 

Total 4.53 

Effect of variables on fineness for dry grinding 

In order to understand the interaction effect of 

operating parameters on the d80 the results are shown 

as 3D surface plots in Figures 1 (a - f). Since the 

model has four independent parameters, one factor 

was kept constant at the centre level for each plot.   

Figure 1 (a) shows the effect of grinding time and 

number of balls on fineness of coal particles. At 

constant grinding time, decreasing number of balls 

has a reversed trend on fineness; similar effect has 

also observed for the decreasing grinding time for 

constant number of balls. Figure 1 (b) indicates the 

effect of grinding time and amount of feed on 

fineness. For constant grinding time, increasing or 

decreasing amount of feed exhibits coarser particle 

size and a minimum particle size at the centre value. 

It implies that too low or too high loading of feed 

will not result in fine particles. It can be explained 

by the feed to ball ratio in the ball mill. Bu et al. [6] 

have used this ratio in the range of 0.88 - 0.9 and 

observed an optimum fineness and breakage of 

particles. In the present experiments, 0.86 had been 

used as the feed to ball ratio. It is reported that the 

breakage rate of quartz and chlorite both were 

observed increasing with increase in feed size up to 

0.5 mm and reduced when further increasing the 

size.   

(a) (b) 

(c) 
(d)
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(e) (f)

Figure 1 (a-f) 3D plots of all four parameters combination effect on response as fineness of coal. 

Figure 1 (c) shows the effect of grinding time and 

revolutions per minute (rpm) of the ball mill on the 

fineness of coal particles. Grinding time does not 

affect much at a constant speed of revolution of the 

ball mill. On the other side, increasing speed of the 

ball mill at constant grinding time does not facilitate 

producing fine particles. Figure 1 (d) shows the 

effect of rpm of mill speed and number of balls with 

fineness. In this plot, it can be seen that the 

increasing ball mill speed at a constant number of 

balls, the particle size decreases. Effect of number of 

balls on fineness is similar to Figure 1 (a) and 

fineness increases with increasing number of balls. 

Coal is used in stirred for variable ball mill speed and 

it is observed that increasing speed from 360 to 1440 

rpm reduced the particles from mm to µm. However, 

energy consumption was high at 1440 rpm speed, 

therefore it was expected to use an optimum speed 

of the ball mill.  

    Figure 1 (e) shows the effect of the amount of feed 

and number of balls on the fineness or d80 of 

particles. Feed amount shows the similar effect as in 

Figure 1 (b) that at a constant number of balls, too 

low or too high feed will yield less breakage of 

particles and fewer fine particles. At the same 

instance, with constant feed amount, fine particles 

increased at the centre and decreased at minimum 

and maximum number of balls. Figure 1 (f) shows 

the effect of the amount of feed and rpm of the ball 

mill on fineness. The ball mill speed at higher and 

lower values yields coarser particle size. However, 

at the centre is the minimum particle size. The effect 

of ball mill speed is opposite to that in Figure 1 (d), 

this may be due to the interaction of the different 

parameters in both cases. However, the amount of 

feed has a similar effect on fineness as in Figures 1 

(b and e).  

(a) 
(b)
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Figure 2 (a - j) 3D plots of wet grinding independent parameters with their response as fineness of coal. 

(c) (d) 

(e) (f) 

(g) (h) 

(i) (j) 
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Effect of variables on fineness for wet grinding 

In these experiments, five independent 

parameters were taken to model the system as in Eq. 

(7). Water as the fifth parameter was added to 

increase the pulp density. Accordingly, a matrix as 

in Table 6 was prepared. Figure 2 (a) shows the 

effect of the number of balls and amount of feed on 

the fineness of coal particles. It can be seen that at a 

constant number of balls, the particle size increases 

with increasing amount of feed. It is known from the 

literature that slurry density has a major effect on 

grinding and fineness. It can be seen that at a number 

of balls for a constant feed, a minimum particle size 

was observed at the centre and increasing or 

decreasing the number of balls reduces the fineness 

of the particles. The similar behaviour was observed 

in the dry grinding.  

Figure 2 (b) shows the effect of a number of balls 

with grinding time on fineness. Number of balls has 

a similar effect as in Figure 2 (a), however, for a 

constant number of balls an increase in grinding time 

is almost ineffective to fineness of particles. Figures 

2 (c) and 2 (d) depict the effect of the number of balls 

with ball mill speed and amount of water added, 

respectively. Effect of number of balls with constant 

ball speed has not much significance on fineness. 

However, on increasing the rpm of the ball mill at a 

constant number of balls, fineness increases. On the 

other side of the constant number of balls the 

increasing amount of water will produce minimum 

particle size at the centre value than the highest and 

lowest values. 

Figures 2 (e) and 2 (f) show the effect of the 

amount of feed in grinding time, and of the amount 

of water on fineness, respectively. Amount of feed 

shows a similar effect on fineness, which is a 

minimum at the centre and increasing size while 

reaching a high and low value of feed with constant 

grinding time and amount of water in both plots. 

However, grinding time and amount of water at 

constant feed reveals that increasing both parameters 

results in fine particles.  

Figures 2 (g), 2 (h) and 2 (i) illustrate the 

interaction of rpm of the ball mill with grinding time, 

amount of feed and amount of water. Increasing rpm 

of the mill decreases the particle size for constant 

grinding time and amount of feed, however, reverse 

trends were observed on fineness for mill speed with 

a constant amount of water. Figures 2 (g) and 2 (j) 

show that increasing grinding time will result in finer 

particles. Increasing amount of water with constant 

grinding time and mill speed in Figure 2 (i) and (j) 

result in coarse particles.  

Optimum conditions for dry and wet grinding 

Table 6 shows the optimized conditions by the 

model equation, three experiments were performed 

and the error was calculated. The error was observed 

±5 %. The fineness can also be compared in the 

table, the same size of feed was taken in both types 

of grinding and 0.526 mm and 2.411 mm of product 

size were predicted for wet and dry grinding, 

respectively; eventually, experiments confirmed the 

prediction. It is to be noted that for the same 

experiment dry grinding requires 20 balls and wet 

grinding needed only 13 balls and much smaller 

particles were yielded with wet grinding. 

Table 6. Validation of experiments for dry and wet grinding for predicted model equations developed 

Dry Grinding 

Run 

no 

A 

(numbers) B (g) C (min) D (rpm) 

d80  

predicted (mm) 

d80 experimental 

(mm) 

1 20 133.06 10 40 2.411 2.36 

2 20 133.06 10 40 2.411 2.32 

3 20 133.06 10 40 2.411 2.35 

Wet Grinding 

Run 

no 

A 

(numbers) 

B (g) C (min) D (rpm) E (ml) d80 predicted 

(mm) 

d80 experimental 

(mm) 

1 12.9 ≈ 13 152.525 10 40 10% of 

feed = 15.2 

0.526 0.510 

2 12.9 ≈ 13 152.525 10 40 10% of 

feed = 15.2 

0.526 0.535 

3 12.9 ≈ 13 152.525 10 40 10% of 

feed = 15.2 

0.526 0.515 
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CONCLUSIONS 

In the present work, the three-level factorial Box–

Behnken experimental design models were 

investigated for wet and dry grinding of coal for five 

variables, namely: grinding time, ball charge, 

amount of feed, amount of water, and rotational 

speed used for dry and wet grinding. These were all 

possible parameters which influenced the fineness of 

coal particles.  

It can be concluded from the results that all 

parameters have a significant effect on fine particles 

production by grinding. The model equation with 

RSM and the P-value and F-value indicated a good 

agreement between predicted and experimental 

values. The correlation coefficient (R2) for dry 

grinding was 0.97 and for wet grinding was 0.98. 
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Chromium contamination is one of the most serious environmental concerns faced by the world today. Chromium 

contamination can cause a variety of health problems. Research focussing on the reduction or eradication of hexavalent 

chromium has evoked the interest of scientists in recent years. The applicability of several types of microorganisms for 

hexavalent chromium reduction and biosorption is highlighted in this review. The type of microorganism growth 

determines the optimal pH and temperature for Cr(VI) reduction. Culture medium for Cr(VI) reduction must be chosen 

carefully since it is significantly reliant on the functional group present; as with Aspergillus niger and Aspergillus 

parasiticus, culture with tannic acid has a lower Cr(VI) removal efficiency than culture for Bacillus sp. Having glucose, 

the Cr(VI) removal efficiency improves substantially. The application of dead cells is more efficient for reduction and 

biosorption of Cr(VI) as dead cells require less maintenance. A brief discussion of several types of chromium removal 

methods from wastewater streams is also included in the review.  

Keywords: Biosorption; Chromium reduction; Hexavalent chromium; Microorganisms; Bioreduction; Wastewater 

treatment. 

INTRODUCTION 

Chromium (Cr) is found in abundance in the crust 

of the earth. Cr is mostly utilized in tanning of 

leather, dyes and paints, ceramic ware and glass, 

fungicides, for the manufacturing of several 

catalysts, in photography, chrome alloys, chrome 

plating, corrosion control, wood preservation and 

manufacturing of refractory materials. Chromium 

exists as Cr(III) and Cr(VI) in the aquatic 

environment. When compared to trivalent 

chromium, hexavalent chromium is hundred times 

more hazardous and transportable. Because it causes 

cancer and mutations in humans, Cr(VI) is one of the 

most dangerous environmental contaminants [1]. 

Contamination of underlying aquifers and vadose 

zones has resulted in improper Cr metal disposal at 

sites in semiarid and arid locations [2]. Most of the 

industrial effluents contain Cr(VI) and these 

effluents are almost impossible to be removed from 

wastewater using conventional wastewater treatment 

systems [3]. 

Methods including coagulation, precipitation, 

filtration, adsorption, ion exchange, membrane 

technology, electrodialysis, and biological removal 

are the few ways for removing chromium from 

wastewater. Majority of the traditional methods for 

the removal of Cr(VI) are not economically viable 

and have certain difficulties in developing countries 

[4]. From the past research, it has been found that 

microorganisms can be used to reduce Cr(VI) to 

Cr(III) in an alternative approach. Bioaccumulation, 

chromate reduction, chromate efflux, and 

biosorption have all been ascribed to 

microorganisms such as bacteria, fungi, and yeast for 

chromium bioremediation [5]. This study focuses on 

reducing hexavalent chromium to trivalent 

chromium utilizing various microorganisms such as 

bacteria, fungi, and yeast, as well as hexavalent 

chromium biosorption. 

Chromium removal techniques from contaminated 

wastewater 

Human health is known to be jeopardized by 

Cr(VI) ions. Skin rashes, ulcers, respiratory 

difficulties, renal damage, liver dysfunction, cancer, 

and even death can be caused by these ions [6-8]. As 

a result, the removal of these ions is critical for 

maintaining human health. There are several 

techniques through which Cr(VI) is removed from 

contaminated wastewater like adsorption, 

coagulation, membrane technology, precipitation, 

filtration, ion exchange, electrodialysis and 

biological removal which are being summarized in 

Table 1 along with benefits and drawbacks of the 

main approaches for chromium removal from water. 
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Table 1. Summary of different methods for Cr removal from water 

Reduction of hexavalent chromium by using 

microorganisms 

Bacillus sp. isolation from chromium waste was 

investigated by Liu et al. [1] for its ability to reduce 

Cr(VI). Among the five isolated bacteria, two were 

recognized as Bacillus sp., namely XW-2 and XW-

4. But XW-4 was selected for the Cr(VI) reduction 

experiments because XW-4 isolates have lower 

concentration as compared to XW-2 after 3 days.  

They investigated the influence of Cr(VI) on cell 

growth and discovered that the higher the Cr(VI) 

concentration, the stronger is the effect on cell 

growth as compared with the lower concentration. 

They also examined the effects of pH and tempera- 

 

ture and discovered that the best initial pH value was 

9 when changing pH from 4 to 11. Three different 

temperatures, 37°C, 47°C, and 20°C, were used to 

reduce Cr(VI).  

The absorption and reduction of Cr(VI) by two 

fungi were investigated by Shugaba et al. [2]. They 

used two fungi i.e, Aspergillus niger and Aspergillus 

parasiticus which are isolated from the landfill. It 

was shown that the Cr(VI) concentration decreases 

with growth time. The authors found that subsequent 

to the growth of 96 hours the solution became 

completely colourless and the removal of Cr(VI) was 

achieved at 96.3% and 91.6% after 96 hours in 

Aspergillus niger and Aspergillus parasiticus 

cultures.  

Method Advantages Limitations References 

Adsorption Depending on pH adsorption, media 

can adsorb either cationic or anionic 

Cr ions. 

Adsorbent can be regenerated. 

Activated carbon is effective in 

removing both Cr (III) and Cr (VI). 

Difficult to get optimum pH to remove 

both cation and anion. Also, they have 

low capacity 

Activated carbon is expensive. 

Carbon nanotubes get disposed in water 

and pose a risk to aquatic life and 

humans. 

[9-16] 

Coagulation  Conventional coagulation is an 

efficient method for removing Cr 

(III) with a fast response time.  

Redox-assisted coagulation (RAC) 

with Fe (II) is >99% effective for 

removal of Cr (VI). 

For the removal of Cr (VI), conventional 

coagulation uses a two-stage procedure 

that generates a large amount of sludge. 

RAC is affected by the settleability of 

the floc and filterability of the 

precipitated particles. 

[17-19] 

Membrane 

Filtration 

Reverse osmosis is 90–100% 

effective for the removal of Cr (VI) 

and Cr (III). 

Polymer enhanced ultrafiltration has 

high removal efficiency and high 

binding selectivity. 

Reverse osmosis needs high investment 

and operational costs. 

Difficult to find suitable polymers to 

achieve complexation with metal ions, in 

polymer enhanced ultrafiltration.  

[20-24] 

 

Chemical 

Precipitation 

The solubilities of metal sulfide 

precipitates are lower than 

hydroxide precipitates and sulfide 

precipitates are not amphoteric. 

Sulfide potentially reduces Cr (VI) 

and precipitates Cr in one step. 

Hydroxide precipitation generates large 

volumes of relatively low-density sludge   

Sulfide precipitants in acidic conditions 

can result in the evolution of toxic H2S 

fumes. Also, the process is relatively 

expensive. 

[25-28] 

Ion Exchange High treatment capacity and fast 

kinetics. 

Suitable for small and large 

installations. 

Variety of specific resins are 

available for removing specific 

contaminants 

More research into the industrial 

application of zeolites is required. 

Resin fouling and removal efficiency is 

affected by the presence of other ions in 

water. 

[29-33]  

Biological 

Removal 

Biosorbents are characteristic of 

broad sources, low cost and rapid 

adsorption. 

The separation of biosorbents is difficult 

after adsorption 

At acidic pH, certain biological removal 

methods are not suitable for drinking 

water treatment applications. 

[34, 35] 
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Figure 1.  (a) Effect of pH on chromate reductase activity in B. methylotrophicus. (b) Effect of temperature on 

chromate reductase activity in B. methylotrophicus [5]. 

Donmez and Kocberber [3] used enhanced 

microbial cultures made from molasses and NaCl-

containing medium to investigate the 

bioaccumulation of hexavalent chromium. They 

prepared the enriched cultures with the help of 

sodium chloride, molasses and Cr(VI) for better 

bioaccumulation efficiency. The authors found that 

the percentage of uptake yield of mixed cultures 

increased from 95 to 99 percent after 5 days for all 

samples of NaCl concentration and pH values. The 

optimum pH values were 7, 8 and 9 in a solution 

containing 2%, 4% and 6% NaCl, respectively. At 

pH 7, maximal Cr uptake was 87.5 mg/g at a higher 

NaCl concentration (6 percent w/v), whereas initial 

Cr concentration was 83.6 mg/L.  

Mala et al. [5] investigated the chromium 

bioremediation potential of an inducible chromate 

reductase with extracellular activity in Bacillus 

methylotrophicus. The authors utilized four Bacillus 

strains for chromate reduction in various media, all 

of which were obtained from tannery sludge. 

Bacillus methylotrophicus, for example, reduced 

chromate 95 M Cr(VI) to 7.14 M Cr(VI) after 48 

hours. They created five different assay mixtures, 

including the standard assay system, TCA 

(tricarboxylic acid) addition prior to incubation, 

heat-inactivated enzyme, no added enzyme, and no 

added NADPH (nicotinamide adenine dinucleotide 

phosphate), and discovered that the percentage of 

residual Cr(VI) in the standard assay system is 

significantly lower than in the other four systems. 

The authors studied the effect of pH and 

temperature, as shown in Figure 1. Except for Na+ 

and Ca2+, all metal ions enhanced chromate 

reductase activity which was estimated using a 

Lineweaver–Burk plot, and the values of Km and 

Vmax derived from the graph are 86.5 µM and 59.89 
µM, respectively, which suggest that the reaction 

rate using K2Cr2O7 as substrate is feasible. Fukuda et 

al. [36] investigated the removal of Cr(VI) from 

chromium deposits by chromate-resistant fungi in 

vitro and in contaminated soils. Seven fungal 

isolates were used for reducing the chromium 

concentration at nearly neutral pH and strongly 

acidic pH. They identified only three fungal isolates 

by using a morphology study, i.e, Aspergillus sp. N2, 

Penicillium sp. N3 and Pencillium sp. N5. These 

three isolates reduced higher chromium 

concentrations as compared to others. In strongly 

acidic pH 3 Aspergillus sp. N2 and Penicillium sp. 

N3 are reducing 50% of chromium concentration 

and Penicillium sp. N5 is reducing chromium 

concentration by nearly 30%. The authors found that 

the higher the initial concentration of chromium in 

growth media the slower will be the Cr(VI) removal. 

Fernandez et al. [37] explored the removal 

efficiency of Cr6+ by indigenous yeasts, i.e. Pichia 

jadinni M9 and Pichia anomala M10 isolated from 

textile factory effluent. There is a very slight effect 

on the growth of cells at concentrations of 26, 52 and 

78 µg mL-1 and the indigenous yeasts survive the 

Cr6+ concentration 104 µg mL-1 and have no effect 

on cells growth. They found that the optimum 

temperature is 30°C, optimum pH is 7, optimum 

agitation speed is 150 and 250 rpm and optimum 

initial Cr6+ concentration is 26 µg mL-1 where the 

chromium is removed by both the cultures Pichia 

jadinni M9 and Pichia anomala M10.  

The decrease of Cr(VI) by Bacillus coagulans 

isolated from polluted soils was investigated by 

Philip et al. [38]. They isolated Bacillus coagulans 

from contaminated soils and compared it with 

Pseudomonas aeruginosa and Bacillus circulans 

from garden soil and found that Bacillus coagulans 

(8.30 mg/L) showed the highest Cr(VI) reduction as 

compared to the Pseudomonas aeruginosa (20.48 

mg/L) and Bacillus circulans (38.80 mg/L) when 

initial concentration was 104 mg/L. Malate showed 
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the highest Cr(VI) reduction as compared to the 

other three electron donors, i.e. citrate, succinate and 

glucose. Cr(VI) had an optimal pH of 7. The 

presence of nitrates and sulfates had no influence on 

the decrease of Cr(VI). Garbisu et al. [39] evaluated 

the aerobic chromate reduction by Bacillus subtilis. 

The latter have been cultured in agar media and were 

able to reduce Cr(VI) to Cr(III) at a concentration 

varying from 0.1 to 1 mM K2CrO4. They studied the 

effect of sodium nitrate and metabolic poisons and 

found that chromate reduction was independent of 

sodium nitrate which had no effect on growth and 

reduction of chromate. Metabolic poisons had 

inhibited the growth and chromate reduction. Effects 

of kanamycin and low temperature were studied and 

it was found that kanamycin cultures have not 

reduced the chromate as fast as compared to the 

control cultures and at low temperature 4°C 

inhibited the chromate reduction, as shown in Figure 

2.  

 
Figure 2.  Effect of kanamycin and low temperature 

on the decrease in Cr(VI) in the supernatant fraction of 

cultures of B. subtilis resting cells [39].  

Ganguli and Tripathi [40] used chromate-

reducing Pseudomonas aeruginosa A2Chr to study 

the bioremediation of hazardous chromium from 

electroplating effluent in two bioreactors. In batch 

culture - dialysis bioreactor and rotating biological 

contactor, they compared Pseudomonas aeruginosa 

A2Chr's chromate-reducing capabilities. They had 

cultured two media, succinate minimal medium and 

electroplating effluent and varied the Cr(VI) 

concentration 10-100 mg/L. The study found that the 

highest Cr(VI) reduction occurred at 10 mg/L and 

the rotating biological contractor showed the highest 

Cr(VI) reduction as compared to the batch culture 

and dialysis bioreactor at 100 mg/L Cr(VI) 

concentration. Park et al. [41] evaluated the 

elimination of Cr(VI) by Aspergillus niger dead 

fungal biomass. They found that Cr(VI) to Cr(III) 

reduction occurred when no Cr(III) was in the 

solution at first but gradually emerged in an aqueous 

solution when Cr(VI) was reduced to Cr(III). They 

investigated the X-ray photoelectron spectroscopy 

and desorption of this dead fungal biomass and 

discovered that much of the chromium linked to the 

biomass was trivalent. They also noticed that if the 

temperature increases then the percentage of 

adsorption increases but pH followed the opposite 

trend by increasing the pH then the percentage of 

adsorption decreases. 
 

Biosorption of hexavalent chromium by using 

bioadsorbent 
 

Bankar et al. [4] explored the adsorption of 

Cr(VI) ions from aqueous solution onto two 

Yarrowia lipolytica marine isolates, namely NCIM 

3589 and NCIM 3590. They studied the effect of sea 

salt and cell biomass on Cr(VI) adsorption and 

noticed that adding sea salt decreases the adsorption 

capacity and increasing the biomass percentage it 

also starts decreasing the adsorption capacity. They 

also conducted a surface morphology study of cell 

loaded with Cr(VI) by SEM-EDS and ED-XRF to 

notice the presence of chromium (VI) as shown in 

Figure 3.  

Bai and Abraham [42] investigated Rhizopus 

nigricans' capacity to biosorb Cr(VI) from aqueous 

solution. The highest adsorption capacity was 

achieved at optimum pH 2; that is 99.8%. Optimum 

agitation speed is 120 rpm for higher adsorption 

efficiency. By increasing the initial Cr(VI) ion 

concentration from 50 to 400 mg/L the adsorption 

efficiency starts decreasing. Adsorption capacity 

starts increasing by increasing the contact time but if 

more than 75% Cr(VI) is removed within 30 minutes 

then it takes a long time for complete removal of 

Cr(VI) which is approximately 8 hours. 
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Figure 3. SEM analysis of Y. lipolytica (a) NCIM 3589 and (b) NCIM 3590 after Cr (VI) biosorption (c) 

Representative energy dispersive X-ray spectrum of SEM images indicating the presence of Cr [4]. 

Figure 4. SEM micrographs of the Chlorella pyrenoidosa before (b) and after (a) of biosorption [43] . 

Rezaei [43] has studied the biosorption of 

chromium by using dried Spirulina. He observed 

that by increasing the contact time, adsorbent dose, 

agitation speed and temperature the percentage of 

biosorption also increases. Optimum contact time, 

adsorbent dose, agitation speed, temperature and pH 

are 120 min, 0.1 g, 120 rpm, 25°C and 5, 

respectively. He analyzed the Langmuir and 

Freundlich isotherms for adsorption and found that 

the results are in accordance with these two models. 

Kinetic modeling was studied by using pseudo-first 

and second order rate but adsorption of chromium by 

Spirulina followed second order kinetics. Finally, he 

also performed SEM analysis of bio-adsorbent as 

shown in Figure 4. 

Balan et al. [44] conducted batch sorption studies 

with Sphagnum moss peat as a sorbent to investigate 

the elimination process of chromium(III) from 

aqueous solutions. They found that moss peat treated 

with sodium chloride showed a higher reduction of 

Cr(III) as compared to chromium nitrate. They 

investigated the Langmuir model which shows a 

higher sorption capacity as compared to others. The 

sorption capacity of Langmuir is 18.62 mg Cr(III)/g 

of peat. Mean free sorption energy binding the 

Cr(III) on peat through an ion exchange mechanism 

is in the range of 10.9 to 12.9 kJ mol-1. The 

production of varied metal ions based on alginate 

bentonite bio-composites for Cr(VI) sorption was 

investigated by Gopalakannan et al. [45]. They 

synthesized the bio-composites by dispersing 

bentonite in an alginate biopolymer and crosslinked 

with calcium chloride (Ca2+), cerium nitrate (Ce3+) 

and zirconium oxychloride (Zr4+). They also used 

SEM to characterize the synthesized biocomposites 

and noticed that some changes take place in the 

synthesized bio-composites after Cr(VI) is sorbed by 

bio-composites as shown in Figure 5. They have 

found that optimum contact time is 60 min, optimum 

dosage is 0.1 g, optimum pH is 2, the presence of co-

ions shows less influence on sorption capacities 

except for HCO3
-.  
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Figure 5. SEM images of (a) Calcium-alginate biopolymer, (b) Chromium sorbed calcium-alginate biopolymer 

composite, (c) Cesium-alginate biopolymer, (d) Chromium sorbed cesium-alginate biopolymer composite, (e) Zirconium-

alginate biopolymer, (f) Chromium sorbed zirconium-alginate biopolymer composite [45].   

The authors found that Langmuir isotherm best 

fits the Cr(VI) sorption and also noticed that all three 

bio-composites followed pseudo-second order 

kinetics. Pan et al. [46] investigated the use of 

amino-functionalized alkaline clay combined with a 

cationic polymer as adsorbent for removing Cr(VI) 

from aqueous solution. The cationic polymer was 

prepared through the method of atom transfer radical 

polymerization by using acrylamide (AM) and 

dimethyl aminoethyl methacrylate (DMAEMA) 

monomers and using CuBr/2,2’-bipyridine (BPY) 

and 4Br-PER as an initiator. According to the 

authors, the optimum value of pH is 4 which shows 

a high adsorption capacity, i.e. 102 mg/g and by 

increasing the contact time the adsorption capacity 

also starts increasing. Maximum adsorption capacity 

is 102 mg/g in 100 min. Then they fitted the 

equilibrium data in two isotherm models, i.e. 

Langmuir and Freundlich adsorption isotherm and 

noticed that Langmuir isotherm which is the best-fit 

isotherm, had an adsorption capacity of 137.9 mg/g 

at 30°C. Mala et al. [47] had studied the biosorption 

and bioaccumulation of chromium by Aspergillus 

niger MTCC 2594. They had taken a spent chrome 

liquor from the leather industry. They identified the 

Cr(III) and Cr(VI) content in spent chrome liquor 

from two different processes. Similarly, they also 

prepared a biomass (Aspergillus niger) by harvesting 

for 72 hours at room temperature. The Cr(VI) and 

Cr(III) levels found in spent chrome liquor were 

higher and above the permissible limit. Then they 

studied the bioaccumulation of Cr(VI) and Cr(III) 

and found that 75%-78% accumulation takes place 

by the end of 24-36 hours. According to the research, 

in contrast to the Langmuir isotherm, the data 

matched better the Freundlich isotherm. Ucun et 

al.[48] examined the biosorption of Cr(VI) from 

aqueous solution by Pinus sylvestris cone biomass. 

They discovered that as pH decreases from 7 to 1, 

initial Cr(VI) concentration increases from 50 to 300 

mg/L, the biosorption efficiency decreases. The 

research group also used the Freundlich isotherm to 

study the adsorption and discovered that the data fit 

well in this model, indicating a high adsorption 

capacity. 

Soya cake was used to investigate Cr adsorption 

and Cr(VI) reduction to Cr(III) in aqueous solutions 

by Daneshvar et al. [49]. Adsorption and reduction 
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efficiency decreased as the pH increased. In the 

temperature parameter, adsorption and reduction 

efficiency is increasing as the temperature increased. 

The optimum condition for the reduction of Cr(VI) 

to Cr(III) is pH=1, T=25°C, time=5 h and soya mass 

is 0.7 g. The optimum condition for the adsorption 

of Cr(VI) is pH=1, T=20°C, time=1 h and soya mass 

is 30 g. They also concluded that the Langmuir and 

Freundlich isotherms did not explain the adsorption 

data well. Aksu et al. [50] explored the adsorption of 

Cr(VI) ions by dead cells of C. Vulgaris and Z. 

Ramigera. The study had shown that for the 

adsorption of Cr(VI) by dead cells, optimal 

temperature and pH range are 25-50°C and 1-2, 

respectively. The authors also found that when the 

metal ion concentration increases, the adsorption 

capabilities decrease. In case of cell concentration, 

efficiency of adsorption starts increasing by 

increasing the biomass concentration but the rate of 

adsorption is very slow.  

The absorption of chromium cations and anions 

by milled peat was investigated by Dean and Tobin 

[51]. They looked at Cr(VI) and Cr(III) absorption 

by biomass at different pH levels, such as 2, 4, and 

7, and used MINEQL to predict Cr(VI) and Cr(III) 

speciation. Finally, they compared both. The 

research group found that the uptake of Cr(VI) and 

Cr(III) increased by increasing the concentration of 

the solution and maximum uptake of Cr(VI) and 

Cr(III) is 0.58 and 0.27 mmol/g at pH 2 and 4. The 

researchers also found the speciation of Cr(VI) and 

Cr(III) by MINEQL at different pH 2, 4 and 7 and 

predominant species at pH 2, 4 and 7 in Cr(VI) is 

HCrO4
- at pH 2 and 4 but at pH 7 predominant 

species is CrO4
2-. They also found that the 

predominant species at pH 4 for Cr(III) is 50% Cr3- 

and 50% Cr(OH)2+. Predominant species at pH 2 is 

Cr3 and predominant species at pH 7 is Cr(OH)2+. 

Prakasham et al. [52] explored how free and 

immobilized Rhizopus arrhizus adsorbed chromium 

(VI) from synthetic effluent and chromium solution.

Immobilization of Rhizopus arrhizus was done with

the help of alginate. All the experiments were

conducted at pH 2. They discovered that the

effectiveness of adsorption improved as contact time

increased for both free and immobilised biomass. At

2-8 hours; 46.50-63.54% and 50.63-73.98% Cr(VI)

was adsorbed for immobilized and free biomass.

However, when the initial chromium ion

concentration raises, the adsorption capacity of both

free and immobilized biomass decreases. At 50-300

mg/L initial chromium concentration residual

chromium left was 0.57-69.21 mg/L and 0.79-61.6

mg/L for free and immobilized biomass. They also

studied the adsorption isotherm on these data and

found that the data showed a low intensity of 

biosorption less than 1, 0.187 and 0.23 for free and 

immobilized biomass.  

Sag and Kutsal [53] investigated the need for 

adsorption of isotherms in the study of chromium 

adsorption on Z. ramigera. The research group 

explored the influence of pH and temperature 

isotherm in two models, i.e. Langmuir and 

Freundlich isotherm. The authors varied the pH from 

0.5-4 and temperature 25-35°C and then finally 

found out that the optimum pH and the temperature 

is 2 and 25°C in the eradication process of chromium 

from aqueous solution. Dakiky et al. [54] researched 

on the selective adsorption of chromium (VI) in 

industrial wastewater using low-cost, widely 

available adsorbents. The authors used a variety of 

adsorbents such as wool, olive cake, sawdust, pine 

needles, almond shells, cactus leaves, and charcoal 

for the experiment. They discovered that as the 

adsorbent concentration and contact duration rose, 

so did the percentage of Cr(VI) removal. Wool 

showed the highest removal efficiency, that is 81.3% 

at 16 g/L concentration of adsorbent. Almond shell 

showed the lowest removal efficiency, that is 19.8% 

at 8 g/L adsorbent concentration. When the pH was 

raised from 1 to 8, the removal efficiency of Cr(VI) 

began to decline. The best pH, contact duration, 

temperature, and adsorbent dose were 2, 2 hours, 

30°C, and 8 g/L, respectively. In comparison to the 

other adsorbents, it was apparent that wool is the best 

adsorbent for removing Cr(VI). Kiran et al. 

[55] researched the biosorption of Cr(VI) in the

presence of salts by a natural isolate of Lyngbya

putealis (HH-15). They noticed that by increasing

the pH from 2 to 10, Cr(VI) uptake started

decreasing. Cr(VI) uptake started increasing by

increasing the contact time from 5-180 minutes and

metal ion concentration from 10-100 mg/L.

Optimum pH, contact time and metal ion

concentration was 3, 120 min and 50 mg/L. They

also found that their experimental data were in

accordance with both pseudo-first and second order

kinetics. Das and Guha [56] have studied the

biosorption of chromium by Termitomyces

clypeatus. They have tested different strains of fungi

to eliminate chromium but Termitomyces clypeatus

had shown a great potential for the elimination of

chromium and adsorption percentage of live and

dead Termitomyces clypeatus biomass is 91±2.1 and

62±2.0. But they have taken live Termitomyces

clypeatus biomass for further studies. They noticed

that the adsorption value increased by increasing the

pH of that solution from 2 to 3 but after that

equilibrium was obtained, and the optimum value of

pH was 3. They examined the adsorption isotherm



A. Pathania et al.: Reduction and biosorption of hexavalent chromium ions from wastewaters: a review

69 

by using two models, i.e. Langmuir and Freundlich 

isotherm and noticed that Langmuir model fits better 

as compared to Freundlich. The coefficient of 

regression, r2 value for Langmuir and Freundlich is 

0.998 and 0.965, respectively. They also analyzed 

this model by using χ2- square test and found that χ2 

value for Langmuir and Freundlich is 5.03 and 

18.53, respectively.  

Park et al. [41] investigated the biosorption of 

Cr(VI) by chemically treated Ecklonia sp. biomass. 

They had taken Ecklonia sp. and treated it with 

various alkalis, acids, organic solvents, and other 

chemicals and noticed that the treatment of biomass 

with acids showed the best performance as compared 

to the other treatments like alkalis, organic solvents, 

etc. By using FTIR spectroscopy they discovered 

that carboxyl and amino groups were connected to 

chromium biosorption and that methylation of the 

amino group reduced the removal rate of Cr(VI) 

while amination of the carboxyl group enhances the 

removal rate of Cr(VI). Kratochvil et al. [57] 

investigated how seaweed biosorbent may remove 

trivalent and hexavalent chromium. They discovered 

that pH 4 and 2 are the best for removing Cr(III) and 

Cr(VI). They also studied the desorption 

mechanism, and found that after 2 to 24 hours, about 

40 to 70 percent of the total chromium was 

recovered. Basha et al. [58] tested the biosorption of 

Cr(VI) by using Cystoseira indica, a scientifically 

formulated seaweed. They have used Cystoseira 

indica as a bioadsorbent and chemically modified it 

by oxidation with potassium permanganate (CB3), 

crosslinking agent epichlorohydrin (CB1, CB2) and 

distilled water (RB). The research group also noticed 

that by increasing the contact time and initial Cr(VI) 

ion concentration the Cr(VI) uptake started 

increasing. But they also found that the percentage 

of adsorption started decreasing in case of increasing 

the initial Cr(VI) ion concentration. They have found 

that by increasing the pH from 1 to 3 the Cr(VI) 

uptake started increasing but, above pH 3 Cr(VI) 

uptake started decreasing. Optimum pH, contact 

time, and solid/liquid ratio is 3, 180 min and 0.5 g/L. 

Suksabye et al. [59] researched the use of coir 

pith to remove chromium from electroplating 

effluent. They used adsorbents made of coir pith and 

activated carbon to remove chromium from 

electroplating effluent. The authors have found that 

by increasing the contact time (5 min-24 hours), 

adsorbent dosage (5-45 g/L) and temperature (15-

60°C) the efficiency of adsorption also increased in 

both cases, but coir pith had shown better result as 

compared to the activated carbon. They discovered 

that pH played a significant part in the adsorption of 

chromium, and that raising the pH from 2 to 10 

decreased the effectiveness of adsorption in both 

situations. Coir pith had shown the maximum 

adsorption efficiency and chromium uptake - that is 

99.99% and 317.65 mg/g at solution pH 2. Optimum 

contact time, adsorbent dosage, pH and temperature 

were 18 hours, 20 g/L, 2 and 30°C. The elimination 

of Cr(VI) from aqueous solutions by a surplus 

agricultural waste – rice straw was investigated by 

Gao et al. [60]. They discovered that raising the 

initial Cr(VI) ion concentration (40-200 mg/L) and 

temperature (27-47°C) increased the percentage of 

adsorption. At the same time, by increasing the pH 

(2-6) and straw particle sizes (150-380 µm) the 

removal percentage of Cr(VI) started decreasing. 

Optimum pH, temperature, initial Cr(VI) ion 

concentration and straw particle sizes were 2, 47°C, 

100 mg/L, and less than 150 µm. They have also 

noticed that rice straw reduces the Cr(VI) to Cr(III) 

and studied the effect of NO3
- and SO4

2-on Cr(VI) 

removal. They had found that Langmuir data well 

fitted these experimental data and Langmuir showed 

the highest sorption capacity that is 3.15 mg/g as 

compared to the Freundlich model, 1.397 mg/g. 

Han et al. [61] investigated the biosorption and 

bioreduction of Cr(VI) by Chlorella miniata, a 

microalgal isolate. The kinetics and equilibrium of 

Cr(VI) removal indicated that increasing Cr(VI) 

concentration from 50 to 200 g/L increases Cr(VI) 

absorption, whereas raising pH from 1-4 decreases 

Cr(VI) removal percentage. The amount of biomass 

present had an important impact on the decrease and 

adsorption of Cr(VI). As biomass concentration rises 

from 1 to 5 g/L, the percent of Cr(VI) removed rises 

as well. The ideal pH and biomass concentrations 

were 2 and 2 g/L, respectively. They also conducted 

a desorption study using 0.5 M NaOH, 0.5 M HCL, 

and deionized water, finding that the majority of the 

Cr(VI) was converted to Cr(III) and that 0.5 M 

NaOH had a better potential for total chromium 

recovery than 0.5 M HCL and deionized water. They 

have found that biosorption-bioreduction model had 

a higher value of R2 as compared to the direct 

bioreduction model. 

Using the green alga Ulva Lactuca and its 

activated carbon, EL-Sikaily et al. [62]  researched 

the eradication of chromium from aqueous solution, 

wastewater, and saline water. They had found that by 

enhancing the biosorption time and adsorbent dose 

the removal efficiency of chromium also increases 

for both adsorbents and at the same time by 

increasing the pH and metal ion concentration the 

removal efficiency of chromium starts decreasing 

for both adsorbents. Optimum pH was 1. According 

to the authors the Langmuir model complemented 

the experimental data as compared to other models. 
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According to the Langmuir model, the highest 

adsorption capacity of activated carbon and green 

alga Ulva Lactuca was 112.36 and 10.61 mg/g, 

respectively. They also discovered that the pseudo-

second order model matched the actual data. 

Activated carbon and green alga had shown the 

maximum removal and uptake of chromium which 

was 100 %, 59.55% and 96.52 mg/g, 10.5 mg/g from 

synthetic seawater. The biosorption of Cr(VI) from 

aqueous solutions by green algae Spirogyra species 

was tested by Gupta et al. [63]. They assessed pH, 

contact duration, and adsorbent dosage, as well as 

other variables in Cr(VI) adsorption. The initial 

concentration of Cr(VI) was changed from 1 to 25 

mg/L. The authors have found that adsorption 

capacity basically depended upon the pH. They have 

also noticed that by increasing the pH from 1-5 the 

removal of Cr(VI) started decreasing and at the same 

time by increasing the contact time (0-200 min) and 

adsorbent dose (1-25 g/L) the removal of Cr(VI) 

started increasing. The research group used the 

Langmuir model to study the adsorption isotherm 

and discovered that the maximum removal of Cr(VI) 

from aqueous solution was 14.7×103 mg/kg biomass 

at pH 2 with an initial Cr(VI) concentration of 5 

mg/L and a contact duration of 120 minutes. 

Spirogyra species, a kind of green algae, showed the 

capacity to extract Cr(VI) from industrial 

wastewaters. Comparison of biosorption capacities 

of Cr(VI) removal with different adsorbents is being 

tabulated in Table 2. 

Table 2. Comparison of biosorption capacities of Cr(VI) removal with different adsorbents 

Adsorbent Kinetics Sorption-

Isotherm Model 

Optimum 

pH 

Sorption 

Capacity, mg/g 

Reference 

Tamarindus Indica First order Freundlich 2 90 [64] 

Phanera vahilii fruit 

biomass based activated 

carbon 

Pseudo-second 

order 

Freundlich 2 159.1-278.5 [10] 

Heat-treated microalgae 

Chlamydomonas 

reinhardtii 

Second order Langmuir 2 25.6 [65] 

Rhizopus nigricans Langergren 

model 

Langmuir and 

Freundlich 

2 47 [66] 

Dunaliella species Pseudo-second 

order 

Langmuir and 

Freundlich 

2 45.5-58.3 [67] 

Spirulina platensis Initially zero 

order followed 

by first order 

Langmuir and 

Freundlich 

1.5 148.64 [68] 

Chlorella vulgaris 140 

Acid-treated green alga 

Oedogonium hatei 

Pseudo-first 

order 

Langmuir and 

Freundlich 

2 35.2 [69] 

Date pit and olive stone Pseudo-second 

order 

Freundlich 2 82.63 and 

53.31 

[70] 

Banana peel dust Pseudo-first and 

pseudo-second 

order 

Langmuir 1 26.46 [71] 

Bacillus cereus Pseudo-second 

order 

Langmuir and 

Freundlich 

2 86 [72] 

Luffa cylindrica activated 

carbon 

Pseudo-first 

order 

Freundlich 8 188.50 [73] 

Sulfuric acid activated 

strychnine tree fruit shell  

Pseudo-second 

order 

Langmuir and 

Freundlich 

2 100 [74] 

Phosphoric acid activated 

strychnine tree fruit shell 

142.85 
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CONCLUSION 

Hexavalent chromium is a very lethal, known 

carcinogen that is classified as a major 

environmental contaminant. This review focuses on 

the chemistry of employing microbes to treat Cr(VI)-

containing wastes. There is ample literature 

available to demonstrate the role of microbes in Cr 

(VI) biosorption and reduction. A broad range of

microorganisms including bacteria, fungi, yeasts,

and many more have demonstrated efficient

reduction under a variety of conditions, including

pH, temperature, contact time, agitation, nutritional

medium, initial Cr concentration, adsorbent dose and

many more, as described in the literature. Cr(VI) can

be adsorbed by attaching to the functional mass of

certain living or dead cells. Bacteria, fungi, plants,

algae, and other microbes highlight the feasibility to

bioreduce or biosorb Cr(VI) due to their diverse life

cycles. In these findings with the removal of

potentially hazardous metal such as Cr(VI), as

presented in this review, the application of microbes

to adsorb or reduce Cr(VI) is considered to be a

developing, low-cost biotechnological approach.
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In the past few years, the increase in the population has also caused a significant increase in the demand for edible 

products such as cereals and vegetables. Therefore, in order to meet the demand, several types of fertilizers and pesticides 

have been considered in agricultural fields. The fertilizers and pesticides excel the growth of these products but at the 

same time, these chemical products also harm the soil characteristics such as the amount of organic matter, pH and electric 

conductivity, etc., due to their excessive application. By testing the soil characteristics of any agricultural field, the type 

and extent of treatment that is required can be evaluated. Therefore, an area of Lalri Village, Hamirpur, Himachal Pradesh 

has been selected to check the effects of fertilizer and pesticides on the fields of potato, peas and bitter gourd. The soil 

characteristics of the agricultural fields of these three crops were compared and found higher than the permissible limits. 

The present study aims to provide important information about the toxic effects of these chemicals on human health and 

the environment.  

Keywords: Fertilizer, Soil, Hazardous, Organic content 

INTRODUCTION 

The demand of food production has been 

significantly increased in the past few years. More 

than one-third of the population of the world depends 

upon agriculture [1]. One-third of the world's cereal 

production rose from 1970 to 1980, with half of the 

rise in India's grain production due to greater 

fertilizer use [2]. It is expected that by year 2050, the 

consumption of nitrogen (N), phosphorus (P), and 

potassium (K) will grow by 172%, 175%, and 150%, 

respectively. Usually, fertilizers and pesticides are 

used to improve the growth and quality of any 

agricultural product, but, the uncontrolled and long-

term use of fertilizers has become a major source of 

soil and water contamination in recent years [3, 4]. 

Over time, the soil of agricultural fields gets 

deteriorated because of the accumulation of heavy 

metals and other hazardous compounds as a result of 

excessive application of fertilizers. These toxic 

compounds have a greater affinity to cause harm to 

human health and environment [5]. It is estimated 

that over 10,000 casualties per year have been caused 

by the application of chemical fertilizers in the field 

in developing countries [6]. 

 Currently, India is one of the largest producers of 

chemical fertilizers and pesticides with the 

production of 90,000 tons per year [7, 8]. Irritation to 

eyes and chronic health problems such as cancer, 

nervous system and reproductive disorders have 

been commonly observed in the spray workers [9, 

10]. Besides the increase in the agricultural 

productivity, many direct and indirect negative 

effects have been caused by these toxic chemicals in 

the past few decades. In Himachal Pradesh, various 

types of edible products such as tomato, potato, bitter 

gourd, cauliflower, cabbage, pea and capsicum are 

grown by the farmers [11, 12]. According to a report, 

the consumption of NPK in the Himachal Pradesh 

has been increased from 7.2 kg per hectare to 10.84 

kg per hectare in the past 5 years [13]. Because of the 

incapability of soil to absorb more nutrients, the 

amount of fertilizer used to distribute in the field is 

usually increased by the farmers during its 

application [14–18].  

Therefore, considering the problems caused by 

the chemical fertilizer on human health and 

environment, the current case study has been 

undertaken to assess its impact on the three edible 

products such as potato, peas, and bitter gourd. The 

agricultural fields of Lalri village of Himachal 

Pradesh have been considered to evaluate the soil 

parameters such as pH, organic carbon and NPK. 

The current study also aims to provide the relevant 

information to the local farmers and authorities 

about the presence and mitigation measures so as to 

prevent environmental and health problems.  

METHODOLOGY 

Study area 

'Lalri' is a region in Hamirpur District that is part 

of the study area. Lalri village has a population of 

2358 people and a land area of 109.18 hectares. Fig. 

1 illustrates the area selected for the current study.  

Cropping system and soil sampling analysis 

Potatoes, peas, and bitter gourd were selected as 

the three cropping systems. The chosen cropping 

systems were replicated six times, and uncultivated l  

and was used as a control group. Samples of soil  * To whom all correspondence should be sent:  
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Fig 1. Study area selected in the study 

were taken from a variety of locations in order to 

determine the effects of nutrient availability, pH, 

electric conductivity and organic carbon 

concentration in the soil. 

     The analysis of the samples in the current 

research was conducted at the Chaudhary Sarwan 

Kumar Himachal Pradesh Krishi Vishwavidyalaya 

Agricultural University Palampur.  

Sampling processing 

To collect the soil samples, two depths were 

selected. The samples were collected from 0 to 15 cm 

of the surface and 15 to 30 cm of the subsurface. 

With the aid of a steel soil auger, soil samples were 

obtained from different depths. Using a wooden rod 

and a dryer, soil samples were pushed through a 2 

mm sieve. After the collection, the samples were 

transported back to the lab for analysis. Table 1 and 

Fig. 2 lists the methodologies and tools utilized in 

this investigation. 

Table 1. Equipment used to evaluate the different parameter in present study 

Parameters Instrument/Method used 

pH Glass electrode method (soil: water suspension 1:2.5) 

Electrical conductivity  Soil water suspension (1:2) 

Organic carbon Walkey and Black (Rapid titration method) 

Available nitrogen  Alkaline potassium permanganate method 

Available phosphorus  Olsen’s method (Ascorbic acid reductant method) 

Available potassium  Flame photometer 

Fig. 2. (a) pH meter (b) Electrical conductivity meter (c) KEL Plus for available nitrogen (d) Flame photometer for 

potassium (e) Spectronic 200 for phosphorus (f) Rapid titration method for organic carbon 
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Fig. 3. Flowchart of the processes involved in the study 

Sample testing  

The analysis of the samples collected throughout 

the current study were conducted at the Chaudhary 

Sarwan Kumar Himachal Pradesh Krishi 

Vishwavidyalaya Agricultural University, 

Palampur. Fig. 3 represents the steps involved during 

the execution of the current study. 

RESULTS AND DISCUSSION 

Effect of pH 

The pH values of the samples collected from the 

surface and subsurface layers ranged from 5.82-7.00 

and 5.6-6.91, respectively. The pH of uncultivated 

agricultural soil has been reported to be around 6.34. 

The pH level of subsurface soil is lower than that of 

surface soil, although the overall systemic trend is 

the same. There is no correlation between soil pH and 

soil characteristics in different agricultural systems. 

Table 2 shows the findings of the pH of the soil at 

different sites. 

Effect of electrical conductivity 

Measured electrical conductivity in surface soil 

and subsurface soil was in the range of 0.024 to 0.070 

ds m-1and 0.018 to 0.051 ds m-1, respectively. The 

electrical conductivity of crops is presented in 

sequence: Bitter gourd (0.070) > peas (0.055) > 

potatoes (0.041). Table 2 shows the findings of the 

electrical conductivity of soil at different locations. 

Electrical conductivity was found to be lower in 

subsurface soil than in surface soil. The samples 

from uncultivated agricultural soil shows electrical 

conductivity around 0.89 ds m-1. The range of values 

for EC under different agricultural systems was 

typical and did not affect soil salinity concentrations. 

In the literature it has been stated by the researcher 

that the typical range of EC in agriculture soil can 

range from 0.05-0.7 ds m-1 [19]. 

Effect of organic carbon 

For surface soil and subsurface soil, the organic 

carbon ranged from 1.99 to 2.53 % and 1.33 to 2.2%, 

respectively. Potatoes (2.533), peas (2.50), and bitter 

gourd (2.48) had the highest organic carbon values in 

soil. The control soil samples show organic carbon 

around 0.45% which is much less than the surface 

and subsurface values for all three edible products. 

Table 2 presents the organic carbon levels of soil 

samples collected from the different locations. 

Compared to surface soil, subsurface soil has a lower 

organic carbon value. Potato-based cropping had a 

greater percentage of organic carbon than other 

cropping systems. The main reason behind this is 

higher carbon stock is due to the use of long-term 

organic manure [20–22].  

Available NPK 

A major effect on soil nutrient availability has 

occurred in the research area's agricultural system. 

The findings of the NPK analysis of soils from 

different locations are provided in Table 3. 

Subsurface soil has a lower nutritional value than 

surface soil, regardless of the cropping schemes. 

Potatoes have a substantially larger amount of 

accessible nutrients than other crops due to the usage 

of inorganic fertilizers [22–24]. It has also been 

observed that the values of NPK samples of all three 

edible products were significantly more than the 

permissible limits and control samples [25].  

CONCLUSION 

The cropping patterns in Himachal Pradesh had a 

substantial impact on nutrient availability, organic 

carbon, and physical and chemical characteristics, 

according to the research. It was reported that the 

values of these parameters were greater than the 

permitted limits. NPK fertilisers and insecticides are 

heavily employed in the agricultural systems of the 

research area. There are a number of harmful effects 

on human health and on the environment as a result 

of excessive fertiliser use. In order to prevent future 

degradation of soil properties, it is necessary to 

regulate sustainable methods of soil management. To 

effectively fertilise the soil, the soil must first be 

thoroughly analysed. Fertilizer consumption should 

be reduced by educating farmers about the negative 

effects of fertilisers and pesticides on human and 

environmental health. Agrochemicals can be reduced 

in the agricultural sector by using manures, 

composts, and vermicompost that are organic. 
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Table 2. The values of pH, electrical conductivity and organic carbon in the surface and subsurface soils 

Cropping 

systems  

pH EC OC 

Control  Surface Subsurface Control Surface Subsurface Control Surface Subsurface 

6.34 

±0.43 
  

 

0.089 

±0.002 
  0.45 

±0.06 
    

Potatoes: 

Site 1   
5.82 

±0.54 

5.6 

±0.8 
 0.029 

±0.002 

0.024 

±0.001 
 1.756 

±0.92 

1.33 

±0.62 

Site 2   
6.16 

±0.34 

6.37 

±0.56 
 0.041 

±0.005 

0.038 

±0.004 
 2.42 

±0.54 

2.1 

±0.35 

Site 3   
7 

±0.31 

6.91 

±0.41 
 0.03 

±0.004 

0.034 

±0.001 
 2.533 

±0.86 

2.13 

±0.74 

Peas: 

Site 1   
6.22 

±0.85 

6.03 

±0.49 
 0.04 

±0.004 

0.026 

±0.003 
 2.47 

±0.35 

2.07 

±0.33 

Site 2   
5.79 

±0.56 

5.66 

±0.62 
 0.025 

±0.001 

0.018 

±0.005 
 2.39 

±0.54 

2.19 

±0.02 

Site 3   
6.53 

±0.37 

6.41 

±0.54 
 0.055 

±0.006 

0.04 

±0.001 
 2.5 

±0.86 

2.26 

±0.25 

Bitter Gourd: 

Site 1   
6.65 

±0.64 

6.56 

±0.43 
 0.024 

±0.002 

0.02 

±0.001 
 2.48 

±0.56 

2.07 

±0.32 

Site 2   
6.42 

±0.07 

6.27 

±0.34 
 0.07 

±0.008 

0.051 

±0.001 
 2.19 

±0.24 

1.63 

±0.28 

Site 3   
6.51 

±0.54 

6.39 

±0.65 
 0.039 

±0.002 

0.031 

±0.004 
 1.93 

±0.61 

1.7 

±0.46 

Table 3. Status of available nutrient availability under different cropping in Himachal Pradesh 

Cropping 

systems 

  

Nitrogen (kg ha-1) Phosphorus (kg ha-1) Potassium (kg ha-1) 

Control Surface Subsurface Control Surface Subsurface Control Surface Subsurface 

260.87 

±12 
  16.7 

±2.28 
  206.08 

±2.9 
    

Potatoes: 

Site 1   
445.52 

±12.3 

381.79 

±2.5 
 26.9 

±2.53 

18.53 

±1.75 
 416.05 

±5.4 

348.48 

±5.644 

Site 2   
505.1 

±9.54 

387.6 

±6.31 
 31.55 

±3.51 

26.13 

±2.4 
 415.68 

±2.93 

357.87 

±4.65 

Site 3   
538.7 

±13.2 

518.6 

±9.l4 
 30.3 

±2.4 

27.76 

±2.3 
 422.28 

±2.23 

396.79 

±4.87 

Peas: 

Site 1   
515.63 

±3.64 

456.03 

±6.26 
 31.18 

±3.6 

26.16 

±1.1 
 386.03 

±3.28 

343.48 

±2.65 

Site 2   
521.66 

±4.1 

477.92 

±3.5 
 28.53 

±2.2 

24.28 

±1.97 
 419.32 

±2.92 

357.76 

±6.2 

Site 3   
495.54 

±9.34 

464.1 

±2.31 
 29.79 

±4.2 

23.08 

±1.093 
 357.68 

±6.2 

333.65 

±10.2 

Bitter Gourd: 

Site 1   
497.26 

±5.23 

467.66 

±6.39 
 30.48 

±2.94 

24.52 

±3.1 
 383.8 

±4.1 

367.42 

±1.7 

Site 2   
515.73 

±3.63 

463.34 

±2.4 
 27.4 

±2.34 

19.66 

±0.63 
 364.8 

±7.63 

365.76 

±3.3 

Site 3   
489.73 

±8.32 

428.51 

±5.22 
 28.93 

±2.12 

25.6 

±1.9 
 418.23 

±6.2 

386.13 

±0.63 
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