
i | P a g e  
 

 

 

School of Engineering 

 

Dissertation 

Independent Project 

ACMA 6013 

 

An Investigation to verify Sulphur content in Nickel Sulphate Hexahydrate for 

the Hydrogen Reduction of Nickel Oxide 

 

Paul Benbow 

2014803 

9th February 2024 



   
 

i | P a g e  
 

 

 

 

 

 

 

 

 

 

This thesis is the result of the author’s original research. It has been composed by the author 

and has not been previously submitted for examination which has led to the award of a 

degree. 

 

Signed: Date: 
 

 



   
 

ii | P a g e  
 

Abstract 
This report attempts to identify opportunities that may improve the efficiency of a continuous 

chemical process which uses equipment that consumes Natural Gas. The primary reason for this topic 

was to establish financial savings which may defend profit margins against the rise of fixed costs 

associated with manufacturing, helping to ensure the longevity of the division. However, the decline 

of the Steel Industry in South Wales soon provoked a realisation that a business can no longer rely on 

profitability for longevity but, must also consider the impact it has on the Environment, this reassured 

the author that the topic selected was appropriate. 

The ‘Research and Literature survey’ of this report focuses on a subject matter that is relevant to the 

topic and, was used to learn the function of each process step as well as their chemical kinetics. In 

doing so, provided the knowledge for when using a suite of continuous improvement tools to identify 

that; a deficiency in Sulphur may be the cause of this reports problem statement. 

Analytical method were used to estimate the current proportion of Sulphur added to a Hydrogen 

Reduction process then, samples taken to perform laboratory experiments to find the actual quantity 

of Sulphur. Our results were inconclusive because we deemed our sampling plan flawed however, we 

observed a consistently higher percentage of Sulphur to that of the value calculated using the 

analytical method.    

Our further work shall involve the implementation of a process sampling plan in contrast to the 

population sample plan that this report has employed and, we shall also pursue further investigations 

which shall be based on our results that; have indicated that there may exist a relationship between 

the pH level of an additive used to deliver Sulphur into the process and, the effectiveness of the 

Hydrogen reduction process.    
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1. Introduction 
The conflict between Russia and Ukraine expossed the UK’s vunrability for relying on an imported 

Natural Gas supply, as sanctions were impossed on Russia global demand for the commodity rose. 

During 2022 and 2023 the wholesale cost of Natural Gas in the United Kingdom increased by 404% 

(Jackman, 2023), inflating the fixed cost’s associated with manufacturing processes, placing the UK’s 

manufacturing sector at a disadvantage to their forign competitors. Vale’s operations in Clydach were 

subject to this very scenario, with processes that used large volumes of Natural Gas  for steam 

reforming into Hydrogen and, as fuel to heat furnaces that were required through-out their 

manufacturing process.  

The increase to fixed costs led to intensified internal competition with Vale’s Copper Cliff Nickel 

refinery in Ontario, Canada.The competition was based on who could produce a Nickel product which 

had the largest profit margin, the price would be; which refinery received the Nickel Oxide mined in 

Indonesia. Historically, the refinery in Clydach would produce a premium product which could be used 

for specialist application such as Nickel alloys, Stainless Steel and Electric Vehicle batteries (Dalling, 

2019). Nevertheless, during this period the refinery in Ontario had significantly lower fixed costs, with 

a comparisson showing that Canadian business consumers pay 72% less for their Natural Gas than 

their UK peers (GlobalPetrolPrices.com, 2023), with the extra operational costs imposed on the 

Clydach refinery being absorbed by the premium product’s profit margin. This scenario awoke the 

realisation that if a healthy profit margin could not be maintained the benefit of the organisations 

refining Nickel in the UK would be lost, although the cost of Natural Gas has since stabilised in the UK, 

the devision of the organisation remain steadfast in finding reduction to their Natural Gas usage. 

The initial stages of this project coinsided with the anouncement from TATA Steel that they were to 

close their steel production facility in Port Talbot, it was reported that the Indian owned company no 

longer believed that producing steel using an environmentally unfriendly method was sustainable 

(Pigott & Price, 2024), this prompted the leadership team at Clydach’s refinery to refelect on their 

Environmental, Social and Governance (ESG) policy, leading to a further endorsement of initiatives 

which could demonstrate a continuous improvement regime that was not limited by increasing 

profitability by lowering resource waste but, also considers the impact that it’s business has on the 

environment. Fulfilling Vale’s ethical obligations to the environment would provide economic benefit 

in the form investment from stakeholders who require assurance that their funds would be secure, 

evidence of this would be provided with certification from an international quality standard such as 

ISO14001 (Law & Your Environment, 2024). A standard such as this requires a company to provide 

evidence of its consideration to the impact it has on the environment this, provides confidence to a 

potential investor that the business they are about to invest in is focused on long term goals which 

ensure its sustainability (Nutburn, 2024). 

It was for the longevity and environmental sustainability of the business the author wanted to solve a 

problem which may reduce the consumption of Natural Gas at the refinery hence, a request was made 

to each of the refineries department managers for information that they may have relating to 

excessive Natural Gas expenditures. a Technologist responded, informing of a substantial discrepancy 

of Natural Gas consumption between two seemingly identical Natural Gas furnaces which, had been 

prominent for a considerable period but, could not be explained. Each of the Natural Gas furnace are 

known as; Born Heater 1; Born Heater 2 and, were located within the Reduction and Activation step 

of Kiln Line 1 and Kiln line 2. The descriptive element of both names relative to the manufacturer of 

the furnace, the identification number relative to the Kiln line of which, it is associated.   
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1.1. Aims & Objectives 
The aim of this report shall be to identify a means to reduce the fixed costs of production by reducing 

Natural Gas consumption of Born Heater 2 and therefore, reduce impact to the environment. We shall 

endeavour to complete the following objectives to achieve our aim. 

➢ Familiarisation with the process. 

➢ Research Theory of the process. 

➢ Interview process owner, Team Leaders and Operators. 

➢ Define Project Scope. 

➢ Compile and analyse data. 

➢ Suggest Improvements. 
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2. Timing Plan 
We have used the DMAIC model of Six Sigma  to provide a framework for this project therefore, we 

have used each phase of the acronym; Define, Measure, Analyse, Improve, Control, as milestones for 

our project time line. It can be seen from our project plan which, has been illustrated in Figure 1 as a 

Microsoft Excel Gannt Chart, that a milestone is achieved once specific and measurable tasks have 

been completed. It was important to the author that the timing plan was not restricted to achieving 

the goals specific to this project but, also included goals associated to their personal, academic and 

professional circumstances, it can be seen in Figure 1 that time allowances are made for assignment 

deadlines and, exam preparation. We were mindful to integrate milestones from the Kiln 2 

production plan because of an impending outage during which, the process would be isolated for six 

weeks to allow equipment maintenance.    

We have been mindful from the outset that; if potential process improvements were identified, 

implementing a change to a process which contains hazardous materials would be protracted, 

therefore, the time allowed for the Improve and Control phases of DMAIC are suggestive rather than 

applied.   

Our original project plan was optimistic with determining durations for milestone, we believe this to 

be a product of the authors inexperience of the process that they were studying because, as their 

knowledge grew so too, did the number of potential causations.  

On reflection of the projects actual timeline, we concede that delays were incurred because of 

obstacles which were not considered or, could not have been foreseen. One such deviation was 

created by the availability of a Hydrogen purity analyser. It was identified during our research phase 

that there was potential for warm Hydrogen gas which, exited Kiln 2 Born Heater, to become poisoned 

with Nitrogen this may have had a cooling affect and, may have hindered the effectiveness of the 

Hydrogen reduction processing of TNOS. After consultation with Vale’s Technical team, a planned was 

drawn to analyse the process gas after the point of potential poisoning however, the analyser which 

was intended to be used was damaged beyond repair with the lead time for a replacement  being 

longer than this project’s deadline. The  fluidity of this projects timeline has been a prominent reason 

why the author has been able to overcome obstacles of this ilk.
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Figure 1, Gantt Chart of Project Milestones 
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3. Research & Literature Survey 
3.1. The Process at Clydach 
Nickel products are categorised as either Class I or Class II according to the Nickel purity of the product. 

Class I products have a greater than or equal to 99.8% Nickel content and, at the time of writing can 

be sold at the London Metal exchange (LME) for $16230.00 USD per Tonne (LME, 2024). A market 

exists for a premium product which facilitate bespoke manufacturing process, chemicals used to 

produce the premium product are confidential because of its substantial markup.    

The Mond Process has been used at Clydach to refine raw material into Class I products, since 1902 

when it was founded by the German chemist; Ludwig Mond (Vale Europe Ltd., 2024). The refinery has 

evolved over its many years and has transformed from batch manufacturing to continuous 

manufacturing which enabled constant chemical processing. The Continuous process has been 

distributed amongst three plant areas; the Process Gas Plant, primarily used to reform Natural gas 

into hydrogen; the Process Extraction Plant used to extracts Nickel in a gaseous form from the raw 

material; the Process Manufacturing Plant, used to process gas into the final product which is a raw 

material for Stainless Steel and Electric Vehicle (EV) batteries manufacturing. 

Our topic for this report shall be located within the Process Extraction Plant, an area that has two 

identical continuous process lines which, operate in parallel by using common inputs and producing a 

common output that is exported into the Process Manufacturing Plant.  The process lines are 

identified as Kiln Line 1 and Kiln Line 2 of which, each has a series of four kilns; The reduction Kiln; The 

Activation Kiln; The Volatilisation Kiln; The Stabilisation Kiln, all interconnected with a network of 

pipework, conveyors, and elevators (Vale Europe Ltd., 2023). The process of each kiln has been divided 

into two steps; the Reduction and Activation Step, it includes the Reduction and Activation Kiln; the 

Volatilisation Step includes the Volatilisation and stabilisation Kiln, they are defined so, according to 

the primary gas which they use; Hydrogen gas in the Reduction & Activation Step; Carbon Monoxide 

used in the Volatilisation Step.    

3.2. The Reduction & Activation Step  
Clydach receives 879,000 tonnes of double roasted Nickel Oxide (TNOS) from a refinery in Matsuzaka 

near Tokyo every year, it’s chemical composition comprises of; 75.9% Nickel (Ni); 20.5% Oxygen (O); 

1.29% Carbon Monoxide (Co); 0.49% Iron (Fe); 0.13% Copper (Cu); 0.005% Sulphur (S). The material is 

delivered to the refinery in one tonne bags which, are conveyed into silos where they are stored until 

required. Demand is determined by the Integrated Business Planner (IBP) who dictates the feed rate 

at which the process operates, this can vary from 2 to 4 Tonnes per hour (Jones, 2024). When required, 

the material is discharged from a silo onto belt conveyors which deliver their payload to a storage 

vessel located on Kiln Line 1 or, a storage vessel located on Kiln 2.   

An Additive, Nickel Sulphate Hexahydrate (𝑁𝑖𝑆𝑂4. 6𝐻2𝑂), is blended with TNOS before it enters the 

reduction kiln, this was to introduce Sulphur into the process which, increases the rate of reduction 

(Oswa, et al., 2008). Bluestone and Umicore manufacture 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 for the refinery, having two 

vendors safeguards the process if, one manufacturer could no longer produce their product  

(Ebeneezer, 2024), each consignment of compound is chemically identically and, delivered with a 

certificate of conformity. A consignment consists of 22 sealed one tonne bags at a cost of £3430, are 

delivered to the refinery and stored in a warehouse. At the beginning of shift, a process operator will 

take eight one tonne bags from the warehouse to; the Nickel Sulphate Preparation Plant where, their 

content will be transferred to a  Link-bin. A Link-bin provides a safe method of dispensing the 

compound into a storage vessel located on Kiln Line 1 or, a storage vessel located on Kiln Line 2. Whilst, 
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a Link-bin awaits transfer to a storage vessel, it is held in one of two holding area’s; the first, for 

𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 manufactured by Bluestone the second, manufactured by Umicore. It is believed by 

Ebeneezer (2024), that the purpose of segregation was to ensure that the 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 fed into each 

kiln remains consistant however, we find contradiction when we review a process data log which, 

informs of various periods when the 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 manuafactured by both vendors have been used 

on one kiln line (Vale Europe Ltd., 2024). 

Each material stored in their associated storage vessels located on Kiln Line 2 are discharged into 

weigh hoppers which create batches of TNOS and 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 in accordance to wieght. The TNOS 

weigh hopper discharges into a rotary valve which feeds into a rotary screw conveyor, the speed of 

both are variable and controlled by a Variable Speed Drive (VSD), this is programmed to alter the speed 

of the rotary valve and conveyor in accordance with an hourly feed rate the process operator decides 

to select.  Likewise, the 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 weigh hopper discharges into a rotary valve and rotary screw 

conveyor, the speed of which is controlled by a VSD that is unrelated to the aforementioned VSD but, 

is also controlled by the process operator selecting an appropriate hourly feed rate. When the 

𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 reaches the end of the rotary screw conveyor, the materials drops into a discharge pipe 

which enters into the top of the TNOS rotary screw conveyor where, both materials are blended 

together.   

At the end of the TNOS rotary screw convey the blended material falls into the boot of a bucket 

elevator then, lifted up to the top of the process where, it is allowed to fall through various seal 

hoppers that have been designed to prevent the escape of Hydrogen gas as the material moves closer 

to the Reduction Kiln. Once inside the Reduction Kiln, the material is conveyed through the 35m long 

rotating vessel at a speed dictated by the kilns rotational speed and it’s 3° horizontal decline. The kiln’s 

Internal mild steel scoops agitate the material, exposing as much of its surface area to the warm 

Hydrogen gas during the 48 hour incubation period. The reduced material leaves the Reduction Kiln 

via a rotary valve and drops into the Activation Kiln. 

Whilst in the Reduction Kiln, the blended material is enveloped by Hydrogen which flows through the 

4m diameter kiln in the opposite direction to the flow of material then, exits via an outlet located near 

the inlet of which the blended material enters. The Hydrogen gas is heated as it flows through a Born 

Heater which, has a radiant zone where four stainless steel tubes, each with a diameter of 100mm 

which, provide a conduit for Hydrogen gas to flow. The tubes pass through the radiant zone of the 

Born Heater seven times, allowing the gas within sufficient time to be heated. Three combustion 

burners provide heat to the Radiant Zone by burning Natural Gas in the presence of a naturally induced 

flow of air which enters at the bottom of the combustion chamber. The temperature is set by a Process 

Operator in a Digital Control System (DCS) which can range of 420°C and 530°C, this provides a set-

point for instrumentation embedded within a closed-loop control system to achive and maintain. If 

the temperature is not maintained a thermocoupler will detect the deviating process varible and, 

inform the DCS of the error, a controller would adjusts a 4-20 mA signal to a ‘Current to Pressure’ 

converter, applying a proportional 3-15 psi response of instrument air to a valve positioner, which 

would adjusts the amount of Natural Gas flowing into the combustion units of the three burners ergo, 

controlling the temperature of Hydrogen Gas entering the process. 

When the blended material enters the Activation Kiln, a rotating vessel that has a length of 20m and 

a diameter of 2m, it moves in the same manner as it does in the Reduction Kiln but, has a shorter 

incubation period of 8 hours (Bevan, 2024). During its transition through the kiln the material is again 

agitated and exposed to a flow of Sulphur Dioxide (SO2) and Hydrogen which both flow in the same 

direction that the material is travelling in. This, according to Vale Europe Ltd. (2023), produces a 
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Sulphide within the material which enhances Nickel extraction in the following Volatilisation Step 

however, Vale Europe Ltd. (2023), confesses that the exact mechanism of this reaction is unknown.  

We can see in Figure 2, a block diagram that identifies the necessary inputs and, corresponding by-

products, of the Reduction and Activation step, Figure 3 simplifies further by illustrating the main 

process flow, excluding inputs and outputs associated with sub-processes. The product of this 

process is a material that has a Nickel content greater than 89% which, is then able to be processed 

in the following Volatilization step. 

 

 

Figure 2, Inputs and outputs of Reduction and Activation Step (Vale Europe Ltd., 2023) 
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Figure 3, Process Flow up to and, including the Reduction &  Activation Step 

 



9 | P a g e  
 

3.3. Theory of the Reduction Process 
The Reduction Kiln’s function is to remove Oxygen from Nickel Oxide, it achieves this by using the 

Hydrogen Reduction Process (REDOX), an established method that provokes a reaction between 

Oxygen atoms embedded in the lattice structure of a metal oxide molecule and, the atoms of heated 

Hydrogen gas. The result of the reaction is the formation of gaseous water molecules which, are 

carried away in the direction of flowing Hydrogen. Hydrogen gas is used for its notable characteristics 

as a reducing agent because it is eager to shed it’s only electron that orbits in its most outer shell so, 

that the element may become a noble gas (Science Notes, 2024). Hydrogen is adsorbed onto the 

surface of the NiO molecule where it’s electron is transferred to Oxygen at the solid-gas interface 

causing the transformed Hydrogen proton to have an electropositive charge this, creates an amenable 

condition allowing a polar covalent bond to form between a pair of electrons from an Oxygen atom 

which, has an electronegative charge that would be created by receiving the Hydrogen atoms 

disassociated electron (Brown, 2015). A Hydrogen atom has two vacancies in its valence shell that 

allows for a bond to be formed with another Oxygen atom, this reaction forms a water (H2O) molecule 

(Averill & Eldredge, 2012). 

Affective Migration of Oxygen atoms from the TNOS compound is subject to; type and concentration 

of the reduction gas used, reaction temperature, time exposed to the reduction gas, porosity of the 

particle and surface area (Plascenia & Utigard, 2009), furthermore, Lee & min (2019), find coralation 

between smaller particle size and a decrease in the required reduction temperature. 

Quality of the Reduction process is determined by the Nickel verses Nickel Oxide ratio of a processed 

particle and, a processed particle’s Specific Surface Area (SSA). The Nickel verses Nickel Oxide ratio 

strives to achieve a less than 2% Nickel Oxide (Unreduced) value, this ensures the material introduced 

to the Volatilisation step is of a high Nickel content and, is able to be processed which, mitigates 

processing costs that do not produce a yield. A high SSA value enables a high Nickel extraction rate 

from a Nickel particle whilst in the Volatilisation step (Vale Europe Ltd., 2023) therefore, maximising 

production yield. 

Producing a quality product during the Hydrogen reduction process requires the correct process 

conditions and chemical components for the necessary reactions to take place. The work by  Moore 

(2015), on effects of the addition of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 to Nickel Oxide prior to the material entering the 

process, explains that there are variables which need to be consider to ensure that unreduced Nickel 

Oxide is limited and, that SSA are maximised. He informs us of the following variables which need to 

be considered; ratio of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 to TNOS; impurities in both 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 and TNOS; temperature 

of process; duration exposed to process; Hydrogen flow rate; purity of Hydrogen, Lascelles (2004), 

investigation into an alternative source of nickel sulphate for the kiln plant, also recognised that the 

addition of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 caused modification to the pore structure of the Nickel molecule because of 

the higher rate of reduction (Lascelles, 1986), this positively influences Nickel extraction rates in the 

Volatilisation Step due to the increase of specific surface area. 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 facilitate migration of 

Oxygen atoms from Nickel molecules by coating a layer of Sulphur onto the surface of a Nickel Oxide 

molecule. To do so,  𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 is decomposed at a temperature greater than 100°C which causes 

the ionic bonds of the compound to ruptured allowing the required sulphur to be liberated (National 

Library of Medicine, 2024). 

It is the consensus of Foran (2014) and Moore (2015), that the ideal ratio of Nickel Sulphate 

Hexahydrate should introduce a 0.4% proportion of Sulphur for the total combined mass of the 

blended feed that is to be processed, at this ratio they conclude that reduction temperature, residence 

time, and the probability of material sintering shall be reduced.  
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3.4. Theory of the Activation Process 
As aforementioned, Vale Europe Ltd. (2023), knows little of the reaction between Ni, H2, and SO2  

which happens in the Activation Kiln but, they state with a large degree of certainty what they believe 

to be the product of the following reaction.  

“ Nickel + Sulphur Dioxide + Hydrogen = Sulphided Nickel + Water” (Vale Europe Ltd., 2023) 

A paper investigating the recovery of SO2 in the atmosphere, provides education of how this reaction 

may occur by informing that the Nickel particals in the material may act as a catalyst. According to Lu, 

et al. (2021), Nickel Phosphate is a catalyst for the hydrogenation of SO2 creating Hydrogen Sulfide 

(H2S), and based on the work by Zhang, et al. (2019), expossing pure Nickel to H2S will lead to the 

poisoning of Nickel with Sulphur resulting in a Sulphided Nickel product. If using a Nickel based catalyst 

to hydrogenate SO2, efficincy of the process will depend on the morphology of the catalyst and the 

temperature of which the process has been exposed to, Lu, et al. (2021), says that this should be in 

the range of 200°C - 300°C, however they also report that a metal-free phosphate mesoporous silica 

catalyst can be used to improve performance if temperature is below 200°C. Sulphur poisoning of pure 

Nickel takes place when H2S molecules are adsorbed onto active sites on the surface of Nickel partical 

with a weak bond forming between a Sulphur atom and the Nickel atoms. The activation energy of 

bonds are greater than that of the bonds between a Sulphur atom and the Hydrogen atoms of a H2S 

molecule resuling in their fracture and the decompossition of the H2S molecule (Zhang, et al., 2019).   

It is assummed that the intention of the process is to prevent liberated Oxygen atoms, a by-product 

of the formation of H2S, from re-oxidising the pure Nickel product by bonding them with Hydrogen 

atoms recently liberated from H2S molecules to form water vapour which can be removed from the 

process in a condensation column external to the Activation Kiln. For this to be effective the abient 

temperature, which will provide the activation energy needs to be above 300°C (Jolly, 2024). 

3.5. Volatilisation Step 
The processed material leaving the Activation Kiln enters the Volatilisation Kiln, a 55m long rotating 

vessel that has a horizontal decline of 3°, its Internal mild steel scoops agitate the material, exposing 

the material particles to Carbon Monoxide (CO). The CO flows through the 4.6m diameter kiln in the 

opposing direction to the flow of the material, transforming into Nickel Carbonyl gas then, exiting 

through a gas outlet pipe near to the point of which the material entered the kiln. The material is 

incubated in the kiln for 12 days (D'Angeli, 2024), after which it exits through a rotary valve and 

conveyed into the Stabilisation Kiln, once adequately cooled, the residual material is sent to a precious 

metals refinery where metals such as Cobalt and Iron are extracted. 

Nickel Carbonyl gas which exits the Volatilisation Kiln flows through a circuit of pipework known as 

the Carbonyl Circuit. The Carbonyl circuit transports gas from the Process Extraction Plant to the 

Process Manufacturing Plant where it is decomposed into the final product. The decomposing process, 

breaks bonds between CO and Ni atoms allowing CO to flow back to the Process Extraction Plant 

where it is recycled by being introduced back into the Volatilisation Kiln. It can be seen in Figure 4, a 

block diagram that identifies the necessary inputs and, corresponding outputs required to produce an 

adequate product in the Volatilization Step.  
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Figure 4, Inputs and outputs of the Volatilisation Step (Vale Europe Ltd., 2024) 

3.6. Theory of the Volatilisation Step 
The Activated material enters the volatilisation kiln  with an ideal Sulphur content of 1.7%, which has 

permeated multiple layers of the Nickel molecule, by doing so has caused the covalent bonds holding 

the molecules atoms together to weaken (Greig, 1972). As the material moves through the 

Volatilisation Kiln, at a temperature between a range of 50 to 60°C (Lewis, 2023), a Carbon atom of 

the CO molecule forms a bond with a Nickel atom, it’s energy severs the bonds between other atoms, 

creating a gases carbonyl molecule called Nickel tetracarbonyl gas (Ni4). Once an atom has been pulled 

away from the surface, another Nickel atom is exposed and, if part of the sulphated layer, allows for 

the process  to be repeated. The efficiency of this process is reviewed by measuring the ratio of Ni4 to 

CO, the target ratio should be greater than or equal to 90%, according to Poland (2023), an influencer 

of this metric is the Specific Surface Area (SSA) of the reduced and activated marterial. 

3.7. Problem Statement 
A measurement of Natural Gas consumed by each Born Heater was recorded every week during a 

period in 2023, the measurement was relative to the amount TNOS processed by each of the 
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Reduction and Activation Steps. The graph illustrated in Figure 5 shows measurements recorded for 

Kiln 1 while, Figure 6 illustrates measurements for Kiln 2, each green plot represents a measurement 

of gas consumption (Y-axis) V’s the quantity of TNOS processed in the Reduction and Activation step 

(X-axis). An orange plot can be seen on each graph, this represents a measurement taken for Week 45 

of 2023, a comparison of the this measurement shows that for approximately the same quantity of 

TNOS processed (680 Tonnes), gas consumption for Born Heater 2 was significantly higher than that 

of Born Heater 2 - 320,000KW/h and 275,000KW/h respectively. The monitory comparison was 

calculated with the actual cost paid for each KW/h which was £0.0549 (Sterling, 2023), the cost of gas 

consumption for Born Heater 1 was £15,097.50 and the cost for Born Heater 2 was £17,568, a total 

loss of £128,466 can be calculated for the inefficiency of Born Heater 2 over a 52 week period.  

An interview with the Process Superintendent provided the problem statement which we will attempt 

to solve; “The Hydrogen gas exiting Kiln 2 Born Heater needs to be hotter than that of the gas exiting 

Kiln 1 Born Heater, this helps us to control the percentage of Nickel Oxide that has not been reduced 

and, to increase the Specific Surface Area of the material……” (Poland, 2023). This is confirmed by 

reviewing the Distributed Control System (DCS), which provides a recording of process variables, we 

can see from Figure 7, a comparison of the desired temperature (Set-Point), for the Hydrogen gas 

exiting Kiln 1 & Kiln 2 Born Heaters. The period reviewed is for quarter 4 of 2023 and, shows that Kiln 

2 (Orange plot), has a consistently higher setpoint than that of Kiln 1 (Blue plot). Furthermore, we find 

additional confirmation when we compare the percentage of Nickel Oxide that was not reduced by 

Kiln 2 with the setpoint for the desired temperature of Hydrogen, it can be seen in Figure 8 that, as 

the percentage of Nickel not reduced climbs past the upper limit of 2% the setpoint is increased. 

 

Figure 5, Trend of Natural Gas consumption relative  to quantity of TNOS processed through Kiln Line 1 (Sterling, 2023). 
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Figure 6, Trend of Natural Gas consumption relative  to quantity of TNOS processed through Kiln Line 2 (Sterling, 2023). 

Figure 7, Comparison between Kiln 1 and Kiln 2 Born Heater's Exit Hydrogen Temperature Setpoint (Foxboro DSC, 2024) 

Figure 8, Comparison between Kiln 2 Hydrogen temperature setpoint and, Kiln 2 %Unreduced value (Foxboro DSC, 2024). 
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3.8. Previous Investigations 
The discrepancy of gas consumption for each Born Heater has been evident for many years, gas 

measurements identify the issue as far back as 2004 (Vale Europe Ltd., 2024) prompting a report to 

be commissioned by the refineries leadership team in 2013.  

The report conducted by CR Plus Engineering (Appendix A), focused on the combustion inefficiencies 

of each Born Heater, concluding that Kiln 2 Born Heater was less efficient than that of Kiln 1 because 

of the accumulation of additional heat losses from the Waste Gas Stack and exposed supporting 

structure. The report proceeds to suggest a “quick Win” option that specifies the remedial work to 

worn seals and insulation at a cost of £20,000 and, a “long term” option which requires a full 

replacement of the Born Heater at a cost of £950,000 (CR Plus Ltd, 2013). It was obvious to the reader 

that the aforementioned study did not consider the Born Heater as a component of a system, rather, 

an isolated asset with assumptions made of the characteristics for the remainder of the system 

therefore, there was little contemplation of the external influences that may impact the efficiency of 

the Born Heater.  
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4. Investigation 
Interviews were conducted to establish the; Voice of the Customer and, the Voice of the Process, in 

doing so the entire system, that is; the Reduction and Activation Step was considered. A Cause and 

Effect diagram (Figure 10), was created to document relevant influences which, may contribute to this 

reports problem statement. Establishing potential improvement for a system as complex and, as 

hazardous as this shall require considerable support from a team of process experts which, depending 

on the enhancement could take an extensive period of time, it is for this reason, we have used an 

Impact Matrix (Figure 9), and have establish where our time will be best spent. 

After consideration and consultation with stakeholders we decided to pursue the “verify the Nickel 

Sulphate Hexahydrate feed ratio” cause. We then focused on finding a method to measure the 

relationship between the process input and process output, we analysed data recorded in the Bonham 

data log finding a correlation between the use of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 from various manufacturers and, the 

percentage of unreduced Nickel Oxide. The relationship has been illustrated as a combined bar and 

line graph in Figure 11, bars rising above the horizontal axis identify a period when 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 

manufactured by Umicore was used by Kiln Line 2, the bars dropping below the horizontal axis show 

the period when the compound was manufactured by Bluestone. The blue line plot represents the 

measurement of percentage unreduced Nickel Oxide during the period that both manufacturers of 

the compound was used, it has a negative offset of 72 hours which accounts for the time required for 

the blend of TNOS and 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 to be processed by the reduction kiln and, the activation kiln 

where after, a sample was taken every 24 hours to analyse percentage unreduced Nickel Oxide. We 

can see from the dashed plot of the linear trend that; the percentage unreduced Nickel Oxide value 

decreases when the 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 component of the blended feed was manufactured by Bluestone, 

when we numerically analyse the data for an equal period either side of the date the manufacturer of 

the compound was changed, it was found that the average percentage of unreduced Nickel during a 

campaign of Umicore was 3.4%, in contrast a campaign of Bluestone was 1.15%. 

 

Figure 9, Impact Matrix evaluating causes of the problem statement (Croft, 2024)
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Figure 10, Cause and Effect diagram used to establish potential reasons why Kiln 2 Born heater consumes additional Natural Gas 
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Figure 11, The Relationship between Nickel Sulphate Type and % Unreduced Nickel 

We proceed to gather the information we have learnt to establish reasons why a different 

manufacturer of this compound would have a consequence of increasing the temperature set-point 

of the Hydrogen gas exiting Kiln 2 Born Heater , we employ the 5-Whys exercise (shown in Figure 12) 

 

Figure 12, 5-Whys exercise to identify root causes 

We shall perform sampling and analysis to determine the actual content of Sulphur contained in a 

mass unit of  𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 and, to find the sample’s pH value, in doing so, we aim to find evidence 

which may support a root cause. A sample of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 shall be taken from four sealed bags of the 

compound prior to its introduction to the process. The compound is a cancerogenic therefore, the 

sample was collected by a process operator who donned the appropriate Personal Protective 

Equipment, on tearing the sealed bag they commented on the odour released. A measurement of 
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250ml of compound was taken from 2 bags which were supplied by the Bluestone vendor and, 2 bags 

which were supplied by the Umicore vendor. Each sample was labelled with details of the name of 

sampler; date sample taken; manufacturer; lot/batch number. To perform analysis that identify 

Sulphur content, a Quality Assurance Laboratory technicians dissolved 0.5g +/- 0.0005g of 

𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 in to a 100ml flat bottom boiling glass. 12ml of Perchloric acid and 3 ml of concentrated 

nitric acid were added to the boiling glass which, was then placed on a hotplate for 5 minutes to begin 

the dissolution process. Once the sample had dissolved the glass was removed from the hot plate and 

left to cool, at room temperature anti-bumping granules, 40ml of deionised water and, 20ml of Zinc 

standard solution was added. Plastic sample holders were used to prepare the sample for inserting 

into the analyser, each have three parts: an outer ring, an inner ring and a cap, these are assembled 

in a fashion which prevents a liquid sample from leaking while analysed. The samples were loaded into 

a X-ray Fluorescence Spectrometry, an instrument which emits a primary source of radiation that is 

used to detect various elements within a sample by analysing the secondary radiation emitted from 

the material, by doing so, the radiation absorbed by the material can be calculated and, the material 

identified (Nasrazadani & Hassani, 2016).  

Analysis for pH saw a further 40g +/-0.1g of each sample weighed and transferred to a 100ml flat 

bottom boiling flask where deionised water was added. A Mettler Toledo Expert Pro Electrode was 

used in conjunction with the Mettler Toledo seven Easy pH analyser so that an accurate pH 

measurement could be established. The electrode was introduced, one at a time, to three known 

standard solution; pH7, pH4 and pH10, these were used to verify the analysers calibration, after each 

verification test the electrode was rinsed with deionised water to eliminate contamination. The 

electrode was dipped into a sample of dissolved Nickel sulphate hexahydrate, the solution was 

agitated with a magnetic stirring bar and left until the analysers digital reading stabilised at which 

point the measurement was recorded. The  Value of a pH measurement can range from 0 to 14, where 

0 is very acidic, 7 is neutral and, 14 is very alkaline. We anticipate that our results will equal to or, 

greater than 5 if not, Laker (2008) advises that the only consequence is that the internal steelwork 

associated with the reduction and activation step will be subjected to an increase in corrosion, 

Roselina, et al., (2013) condraicts Laker (2008) by informing of an additional consequence, they 

suggest that a vaiation in pH can have an effect on the structure of a Nickel molecule. 

Our expectation was for the content of Sulphur to be consistent with the value obtained from the 

analytical method used to find the atomic mass of the element for 1 molecule of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂, we 

proceeded by using the molecular formula of the compound to identify the number of atoms of each 

element, we multiplied the total of atoms of an element by each elements atomic mass weight to find 

the total mass of an element and, have shown our results in Table 1 (Chemical Aid, 2024).  

Nickel Sulphate Hexahydrate has a mass weight of 262.87 g/mole (Kathiravan, et al., 2016) therefore, 

it can determine the proportion of Sulphur contained within a mass unit of the compound shall be 

12.198%. It is important that our experiment validates this percentage because it has been used in 

Equation 1 to produce a guide (Figure 14), for an Process Operator when they adjust the feed streams 

for TNOS and 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂, if Sulphur content is below that of which found by the analytical method, 

the operator would unknowingly starve the Hydrogen Reduction process of the Sulphur it needs to be 

effective. We reviewed certification received from vendors upon delivery for validation of Sulphur 

quantity however, found that this is not stated instead the Nickel content of the compound was 

specified as 22.296% (Appendix C), from this we use the proportion of Nickel identified by the 

analytical method which, has been presented in Table 1, for generating Equation 2 which, provides 

validation of the correct amount of Nickel is present but, does not confirm that the element is part of 

the desired compound, it could be speculated that the element exists as Nickel Oxide in which case, 
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would be considered as an impurity because the mass unit weight of the compound would change 

diluting the quantity of Sulphur contained in the lot.  

We elaborate with the following example, consider a delivery having a volume of 1m3 and, on the 

basis of the delivery being 100% Nickel Sulphate Hexahydrate would have a mass of 3680 kg of which, 

448.89 kg would be Sulphur but, when an alternative scenario is considered whereby, a delivery 

consists of; 90% Nickel Sulphate Hexahydrate that has a density of 3.68 g/cm3 (National Center for 

Biotechnology Information, 2024);  10% Nickel that has a density of 8.9 g/cm3 (National Center for 

Biotechnology Information, 2024), Equation 3 shows that a consignment of a mass 3680 kg would have 

an overall reduced of Sulphur content in the lot to 404 kg, for context; this would reduce the Sulphur 

component of the total mass of product fed into the Hydrogen reduction process from 0.488% to 

0.439% (Equation 1).  

Each delivery of Nickel Sulphate was accompanied with certification that was issues by the 

manufacturer to verify quality and weight of their product (Appendix C, Appendix D, Appendix E, 

Appendix F), we make comparisons to our experimental results for validation that quality has not been 

compromised during transportation.   

Table 1, Total mass weight of each element contained in Nickel Sulphate Hexahydrate (Chemical Aid, 2024) 

 

 

Element Number of Atoms Molar Mass (g/mol) Total Molar Mass (g/mol)
Nickel (Ni) 1 58.6934 58.6934
Sulphur (S) 1 32.065 32.065
Oxygen (O) 10 15.9994 159.994
Hydrogen (H) 12 1.00794 12.09528

Figure 13, Photograph of rate parameters  for a 25:1 feed ratio for a total feed rate between 2,000 and 3,300 kg per hour. 
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Figure 14, Photograph of rate parameters  for a 25:1 feed ratio for a total feed rate between 3,400 and 4,600 kg per hour. 

 

Equation 1, Calculation to verify Sulphur content for total mass (Francis, 2024). 

𝑇𝑟𝑎𝑡𝑒    = 𝑇𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑙𝑦 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 

𝑁𝑆𝑟𝑎𝑡𝑒 = 𝐻𝑜𝑢𝑟𝑙𝑦 𝑓𝑒𝑒𝑑𝑟𝑎𝑡𝑒 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂   

𝑆𝐸          = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙   

𝑆𝑝         = 𝐷𝑒𝑐𝑖𝑚𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑖𝑛 1  

   𝑚𝑎𝑠𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 

(
𝑆𝑝

100 × 𝑁𝑆𝑟𝑎𝑡𝑒)

𝑇𝑟𝑎𝑡𝑒
 × 100 = 𝑆𝐸 

(
12.198

100  × 80)

2000
 × 100 = 0.488% 

 

Equation 2, Analytical method to verify Nickel content in Nickel Sulphate Hexahydrate 

𝑁𝑆𝑚    = 𝑇𝑜𝑡𝑎𝑙 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 𝑚𝑎𝑠𝑠 

𝑁𝐴𝑚    = 𝑇𝑜𝑡𝑎𝑙 𝑁𝑖𝑐𝑘𝑒𝑙 𝑎𝑡𝑜𝑚𝑖𝑐 𝑚𝑎𝑠𝑠 

𝑁𝑝    = 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑁𝑖𝑐𝑘𝑒𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 

𝑁𝐴𝑚

𝑁𝑆𝑚
× 100 = 𝑁𝑝 

58.6934

262.87
× 100 = 22.327% 
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Equation 3, Calculation to consider the affect to sulphur content in a consignment that contains impurities 

𝑁𝑣    = 90 % 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 𝐶𝑜𝑛𝑠𝑖𝑔𝑛𝑚𝑒𝑛𝑡 

𝑁𝑑    = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 

𝑆𝑚    = 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂  

𝑆𝑝      = 𝐷𝑒𝑐𝑖𝑚𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑖𝑛 1  

 𝑚𝑎𝑠𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 

(
𝑁𝑣 × 𝑁𝑑

1000
) × 𝑆𝑝 =   𝑆𝑚  

(
900000 × 3.68

1000
) × 0.12198 = 404𝐾𝑔   
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5. Experimental Findings 
Results of our experiment are shown in Table 2, when we compare the percent of Sulphur obtained 

by experiment to the analytical method we have used to estimate, we see that actual Sulphur content 

for each sample is higher than we expected for both manufacturers. We also see variation about the 

mean value for the four samples which, has a range between -0.09% to +0.1%. 

Furthermore, we see that there are variations between the result of each pH test with both deliveries 

received from Umicore being 33% more acidic than the deliveries received from Bluestone. We 

calculate the effect of an increase to; the proportion of Sulphur in one mass unit of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂, we 

use a mean value of the Sulphur recorded in Table 2 (12.733%) then, use Equation 1 as the foundation 

to generate  Equation 4 which shall provide a basis for comparison. Expectingly we find that Sulphur 

content as a proportion of the total material fed into the Hydrogen reduction process increases from 

0.488 % to 0.509. 

Table 2, Test Results (Jayne, 2024) 

 

Equation 4, Calculation of Actual Sulphur proportion of the total material fed into the Hydrogen Reduction Process 

𝑇𝑟𝑎𝑡𝑒    = 𝑇𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑙𝑦 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 

𝑁𝑆𝑟𝑎𝑡𝑒 = 𝐻𝑜𝑢𝑟𝑙𝑦 𝑓𝑒𝑒𝑑𝑟𝑎𝑡𝑒 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂   

𝑆𝐸          = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙   

𝑆𝑝         = 𝐷𝑒𝑐𝑖𝑚𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑖𝑛 1  

   𝑚𝑎𝑠𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 

(
𝑆𝑝

100 × 𝑁𝑆𝑟𝑎𝑡𝑒)

𝑇𝑟𝑎𝑡𝑒
 × 100 = 𝑆𝐸 

(
12.733

100  × 80)

2000
 × 100 = 0.509% 

 

  

Batch Number Manufacturer Date of test pH % S

23-143V Bluestone 24/04/2024 6.1 12.71163

23-399V Bluestone 24/04/2024 6.1 12.84305

2940502620 Umicore 24/04/2024 4.1 12.6467

2940502697 Umicore 24/04/2024 4 12.73358
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6. Discussion and Conclusion 
The author is content that their report has identified potential causes by means of population 

sampling however, they know that it would not provide substantial evidence that would endorse 

reasons for change to the way Vale’s production team operate, for this, we need to create an adequate 

process sampling plan. In conjunction with this we need to establish the processes Lower Control Limit 

(LCL) and, the processes Upper control Limit (UCL) these ensure that our process operators can 

identify common causes of variation from the special causes of variation. 

We review Figure 11 and see that, changing the manufacturer of the 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 used by the process 

has an impact to the measurement of percentage of Nickel Oxide that was not reduced. Our results 

show that actual Sulphur content from the samples which were taken from consignment lots, were 

higher than that found by the analytical method, according to theory this should not impact the rate 

at which Nickel Oxide is Reduced therefore, would not have an influence on the  percentage 

unreduced metric hence, an increase to the temperature of Hydrogen gas exiting Kiln 2 Born Heater 

would not be required. That said, we have great concerns regarding the location of which samples are 

taken to analyse for the percentage of unreduced Nickel Oxide which remains after the Hydrogen 

reduction process. At present these are taken after the material has left the Activation Kiln, a process 

of which, according to Vale Europe Ltd. (2023), little is known about the chemical reaction that takes 

place therefore, we can not be confident that this reaction does not influence both the percentage of 

unreduced Nickel Oxide metric and, the SSA metric.  

Analysis of pH levels in our samples were included in the experiment as merely an opportunity for the 

author to enhance their knowledge of the impact that certain pH levels may have on the integrity of 

assets which, is a responsibility for their current role in the organisation however, when we compare 

and contrast Figure 11 with Table 2 we see correlation that the more acidic compound received from 

Umicore increases the percentage of Nickel Oxide that has not been reduced, this is based on the 

assumption that the compound used at the time of production was acidic – we do not have evidence 

that this is true. Table 3 and Table 4 show results for the amount of Nickel Oxide that was not reduced, 

during an equal period before and after changing from Umicore manufactured 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂  to the 

Bluestone manufactured compound, we see that; during the period that the process uses the 

compound manufactured by Umicore, the percentage of unreduced Nickel Oxide was 66% higher than 

that of a period when a Bluestone compound was used. To contextualize, we consider the annual 

waste that may be produced whilst feeding the blended TNOS and 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 material at a rate of 

4 tonnes an hour then, assign a monetary value to the accumulation of the waste which, provides an 

annual cost incurred by the organisation. We see from Equation 5 that if the percentage of unreduced 

Nickel Oxide were to be reduced to that of the level whilst using Bluestone manufactured 

𝑁𝑖𝑆𝑂4. 6𝐻2𝑂, an additional 760,228 kg of activated Nickel would have been processed by the 

Volatilisation Kiln and, based on current extraction rates of 90%, 684,205 kg of grade 1 Nickel would 

have been produce that, according to the prices at the time of writing, we could estimate (Equation 

5), to have a value of £10,447,811.21 (LME, 2024).  

Though we must be cautious, our concern is; we have narrowed our scope by analysing only two of 

the process parameters at the time of the change, we must consider all parameters that may influence 

however, we feel that the current sampling regime does not provide this data nonetheless, we feel 

that considering the potential savings which could be made, further work is necessary. 

When we are confident with the sampling plan and, find consistent results which, endorse the results 

found by this report, there may be potential saving opportunities that may benefit the business. We 

reflect on Equation 4 and make comparisons to theory, we find; the Hydrogen reduction process has 
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more than sufficient Sulphur to enable an effective process therefore it would be prudent to adjust 

the feed rate of Nickel Sulphate Hexahydrate to a measure which provides the value of Sulphur 

obtained by the analytical method. We consider the effects of this adjustment in Equation 6 and see 

that there may be potential to reduce the feed rate of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂, to 77 kg per hour which would 

accumulate to an annual reduction of 26,280 kg, based on the current prices this would have a 

monetary value of £90,140.40 which, may also be applicable to Kiln line 1 therefore, doubling the 

savings.       

Our work is inclusive, although contrary to Laker, (2008), our data suggests that the effects Nickel 

Sulphate pH levels are not limited to; an increase in corrosion of pipework throughout the hydrogen 

circuit but, there seems to be a tangible relationship with the quantity of Nickel Oxide which had not 

been reduced. We believe that further work is required to first; establish a sampling programme which 

is consistent and, relevant to the process of which to be monitored, secondly; to test each sample and 

collate data for analysis. 
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Table 3, Average Percentage of Nickel that was unreduced during a campaign of Nickel Sulphate Hexahydrate manufactured 
by Umicore 

 

Table 4, Average Percentage of Nickel that was unreduced during a campaign of Nickel Sulphate Hexahydrate manufactured 
by Bluestone 

 

Date Sulkphate type % Unreduced Nickel (-48hrs Offset)
08/07/2023 UMICORE 3.57
09/07/2023 UMICORE 1.6
10/07/2023 UMICORE 0.42
11/07/2023 UMICORE 1.21
12/07/2023 UMICORE 5.56
15/07/2023 UMICORE 3.66
16/07/2023 UMICORE 3.34
17/07/2023 UMICORE 2.57
18/07/2023 UMICORE 1.99
19/07/2023 UMICORE 4.24
22/07/2023 UMICORE 3.35
23/07/2023 UMICORE 1.93
24/07/2023 UMICORE 5.25
25/07/2023 UMICORE 3.04
26/07/2023 UMICORE 2.61
29/07/2023 UMICORE 4.15
30/07/2023 UMICORE 9.33
31/07/2023 UMICORE 8.58
01/08/2023 UMICORE 1.94
05/08/2023 UMICORE 4.42
06/08/2023 UMICORE 1.79
07/08/2023 UMICORE 1.97
08/08/2023 UMICORE 0.68
09/08/2023 UMICORE 4.56

3.41% Unreduced Average: 

Date Sulkphate type % Unreduced Nickel (-48hrs Offset)
12/08/2023 BLUESTONE 0.56
13/08/2023 BLUESTONE 0.87
14/08/2023 BLUESTONE 1.13
15/08/2023 BLUESTONE 1.05
16/08/2023 BLUESTONE 0.85
19/08/2023 BLUESTONE 0.99
20/08/2023 BLUESTONE 1.59
21/08/2023 BLUESTONE 1.32
22/08/2023 BLUESTONE 1.34
23/08/2023 BLUESTONE 0.76
27/08/2023 BLUESTONE 0.67
28/08/2023 BLUESTONE 0.74
29/08/2023 BLUESTONE 0.47
30/08/2023 BLUESTONE 0.27
02/09/2023 BLUESTONE 1.99
03/09/2023 BLUESTONE 1.24
04/09/2023 BLUESTONE 1.78
05/09/2023 BLUESTONE 1.61
06/09/2023 BLUESTONE 0.68
09/09/2023 BLUESTONE 0.6
10/09/2023 BLUESTONE 1.68
11/09/2023 BLUESTONE 2.25
12/09/2023 BLUESTONE 2.4
13/09/2023 BLUESTONE 0.76

1.15% Unreduced Average: 
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Equation 5, A calculation to find the potential value of waste created by using Umicore Nickel Sulphate Hexahydrate 

𝑇𝑅    = 𝑇𝑁𝑂𝑆 ℎ𝑜𝑢𝑟𝑙𝑦 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒  

𝑇𝑦    = 𝑇𝑁𝑂𝑆 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒  

𝑃ℎ    = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑖𝑙𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐻𝑜𝑢𝑟𝑠  

𝑃𝑑    = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑙𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑑𝑎𝑦𝑠  

𝑈𝑅𝑑    = 𝐷𝑒𝑓𝑖𝑐𝑖𝑡 𝑜𝑓 𝑈𝑛𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒  

𝑉𝑒    = 𝐷𝑒𝑐𝑖𝑚𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓𝑁𝑖𝑐𝑘𝑒𝑙 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑  

𝑁𝑝    = 𝑝𝑟𝑖𝑐𝑒 𝑜𝑓 𝑔𝑟𝑎𝑑𝑒 1 𝑁𝑖𝑐𝑘𝑒𝑙 𝑝𝑒𝑟 𝐾𝑖𝑙𝑜𝑔𝑟𝑎𝑚  

𝐶𝑤    = 𝑌𝑒𝑎𝑟𝑙𝑦 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒 𝑖𝑛𝑐𝑢𝑟𝑟𝑒𝑑  

 

(
𝑇𝑅 × 𝑃ℎ × 𝑃𝑑 × 𝑈𝑅𝑑 × 𝑉𝑒

100
) × 𝑁𝑝 =  𝐶𝑤 

 

(
3840 × 24 × 365 × 2.26 × 0.9

100
) × £15.27 

= £10,447,811.21 

Equation 6, Calculation to find adjusted feed rate of Nickel Sulphate Hexahydrate 

𝑇𝑟𝑎𝑡𝑒    = 𝑇𝑜𝑡𝑎𝑙 ℎ𝑜𝑢𝑟𝑙𝑦 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 

𝑁𝑆𝑟𝑎𝑡𝑒 = 𝐻𝑜𝑢𝑟𝑙𝑦 𝑓𝑒𝑒𝑑𝑟𝑎𝑡𝑒 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂   

𝑆𝐸          = 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙   

𝑆𝑝         = 𝐷𝑒𝑐𝑖𝑚𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑆𝑢𝑙𝑝ℎ𝑢𝑟 𝑖𝑛 1  

   𝑚𝑎𝑠𝑠 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 

(
𝑆𝑝

100 × 𝑁𝑆𝑟𝑎𝑡𝑒)

𝑇𝑟𝑎𝑡𝑒
 × 100 = 𝑆𝐸 

(
12.733

100  × 𝑎)

2000
 × 100 = 0.488% 

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑠𝑒 𝑡𝑜 𝑓𝑖𝑛𝑑 ′𝑎′, 

(
0.488
100  × 2000)

12.733
 × 100 = 76.651 𝐾𝑔/𝐻𝑟 
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7. Further Work 
Our Discussion and Conclusion section underlined that current sampling regimes for 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 do 

not exist, we believe that if a sample point were to be installed on pipework located just before the 

point of which the blended feed material enters into the Reduction Kiln which has been illustrated as 

“Sample Point 1” on Figure 16, this would constitute an adequate process sampling plan which 

would allow daily analysis for Sulphur content.  

The provision of a UCL and, an LCL which are visible on a Control Chart that is used to record Sulphur 

results would provide a process operator with the information they would need to adjust   

𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 feed rates appropriately. Establishing the UCL and, the LCL must take into consideration, 

process effectiveness and cost and, must be endorsed by the Process Extraction Superintendent. We 

can determine the LCL to be the value of 0.4% which Foran (2014), finds to be the most effective 

amount of Sulphur needed for the Hydrogen reduction process, the UCL shall consider the additional 

cost to the budget if an unnecessary amount of Sulphur was fed into the process, we can consider the 

value of 0.488 which has been calculated in Equation 1  and, is the current method of estimating 

Sulphur content. We can see from the Control Chart illustrated in Figure 15 that; common causes of 

defects are those which stay within the limits and, special causes of defects are those which fall outside 

of the limits.     

 

Figure 15, Control Chart for Sulphur Content in Nickel Sulphate Hexahydrate 
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We have found the location of which samples are taken to analyse for the  percentage of Nickel Oxide 

that had not been reduced to be incorrect, at present, samples are taken from material which is 

released from the Activation Kiln a process step after the process step we wish to monitor, this 

contradicts Trottier & Dhodapkar (2012), advise for sampling particulate materials the right way who 

suggest that material should be taken at the end of every process to ensure that; relevant process 

variables can be adjusted in a timely fashion to rectify any defects that have been found. We believe 

that if a sample point was to be installed in the location illustrate as “Sample Point 2” on Figure 16, 

the Hydrogen reduction process could be analysed effectively with any process adjustments required 

to prevent a defect in quality, made earlier by the omission of the time taken for the Activation Kiln 

to process the material.  

 

Figure 16, Identification of proposed and current sample point in the Reduction and Activation Step 

We have analytically proven that by decreasing the amount of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 used by a relatively small 

amount we would be able to make substantial savings however, we have not considered the 

consequence of this to the process in its entirety. As we have found in our research, the production of 

carbonyl gas in the Volatilisation Kiln is reliant upon the amount of Sulphur adsorbed onto a Nickel 

molecule during its time in the Activation Kiln, if a net decrease of Sulphur addition was made by 

decreasing the 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 feed rate into the Reduction Kiln, would the affect be; a reduction of 

activated material leaving the Activation Kiln? To answer our question, we would like to make a small 

incremental reduction to the Feed rate of Nickel Sulphate Hexahydrate whilst, monitoring the content 

of Sulphur entering the Reduction Kiln and, after allowing a period for the material to journey through 

the Reduction and Activation Kiln, we would like to sample to analyse the amount of Sulphur present.  

Although monitoring process variables and adjusting parameters will provide an effective process it 

shall still remain susceptible to human factors which, for this scenario, will have the potential to  create 

defects and waste if an operator selected a disproportionate feed ratio of 𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 for the feed 

rate of the TNOS. We believe that this error could be prevented if the system were to be automated 

by taking the 0-5 Volt control signal for the VSD’s driving the discharge systems from the TNOS weigh 

hopper and, the  𝑁𝑖𝑆𝑂4. 6𝐻2𝑂 which, at present are adjusted by a potentiometer, to the DSC.  
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This report has not found conclusive evidence which supports that; pH has an influence on the 

Hydrogen Reduction Process, we would like to further explore this by devising a laboratory experiment 

whereby, we adapt  a current Technical department Standard Work Procedure to determine the 

amount of Nickel Oxide that has not been reduced when Nickel Sulphate Hexahydrate of various pH 

values are blended with TNOS and used in the Hydrogen reduction process. This experiment will use 

the ‘Laboratory Scale Carbonylation: Reduction Step’ apparatus which will mimic said process, a 

representative sample of 50g shall be taken from a lot of Nickel Sulphate Hexahydrate then, a quantity 

of 1.64g  shall be added to a beaker whereby, 5cm3 of pH3 buffer solution is added, the beaker is then 

placed on a hot plate to dissolve. Once dissolved, 50g of Nickel Oxide is added and stirred then, will 

be left on a plate to dry out. A test tube shall be used to contain the sample in a void of 10cm long 

which shall be created by two glass wool plugs, the tube shall then be connected to a rubber tube 

then, placed into a cradle which is suspended in the furnace and attached to a weigh scale. The furnace 

shall be switched on and, heated to a temperature of 420°C where it shall remain at throughout this 

experiment. The weigh scale shall be zeroed, this will be used to determine the end of the reduction 

process, Hydrogen gas shall then be introduced via a needle plug valve where the flow shall be limited 

to an equivalent of 15 L.h-1. The reduction process will be deemed complete once the weigh scale no 

longer registers a loss in weight which typically would take 15 minutes to process, the sample shall 

then be removed and cooled. The process shall be repeated for a pH buffer solution with pH values of 

4, 5, 6, once all tests have been complete they shall be sent to the quality assurance laboratory where 

they will analyse for the percentage of unreduced Nickel Oxide remaining.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 | P a g e  
 

Appendix A 
This section includes a report detailing the findings of an investigation into energy inefficiencies of Kiln Line 1 and, 

Kiln Line 2 Born Heater.  
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Appendix B 
This section includes photographs taken during the experiment to identify the quantity of Sulphur in a sample of 

Nickel Sulphate Hexahydrate.  

 

Figure 17, Photograph of the X-ray Fluorescence Spectrometry analyser used during the experiment 
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Figure 18, Photograph of samples dissolving on a hotplate 

Figure 19, Photograph of sample receptacles which are loaded into the X-ray 
Fluorescence Spectrometry analyser 
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Figure 20, Photograph of receptacles before loaded into the X-ray Fluorescence 
Spectrometry analyser 

Figure 21, Photograph of Metler Toledo pH 
controller 
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Appendix C 
This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate 

from the consignment: 23-143V which, samples were taken to analyse the quantity of Sulphur content.  
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Appendix D 
This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate 

from the consignment: 2940502697 which, samples were taken to analyse the quantity of Sulphur content.  
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Appendix E 
This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate 

from the consignment: 23-399V which, samples were taken to analyse the quantity of Sulphur content.  
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Appendix F 
This section includes evidence of delivery weights, cost and, chemical composition of Nickel Sulphate Hexahydrate 

from the consignment: 2940502620 which, samples were taken to analyse the quantity of Sulphur content.  
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Appendix G 
 

 

Figure 22, A photograph of the apparatus described in our further work to establish the effects of pH on the Hydrogen Reduction process 
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