
Materials Balance and Analysis



The equilibrium concentration of both products and reactants in a chemical reaction can be 
determined when the temperature, pressure, and equilibrium constant at that T and P is 
provided 

Calculation of the concentration of the species in an iron blast furnace consisting of multiple 
reactions is possible by careful and detailed accounting of each element in each species 
taking place in all reactions

Material balance is the basic procedure that enables engineers specify all the amount of 
species without a knowledge of the complete system

If the composition and the concentrations of the reactants are known, the concentration of 
the products can be determined thanks to the principles of mass balance

Metal ore

Air

Fuel

Combustion
Oxidation
Reduction

Flue gases

Slag

Metal product

T, P



The account of the raw materials is held 
routinely in every plant by using printed 
forms including the type of raw material 
and space to write the measured weights 
of input raw materials and their composition

The output section is reserved to write the
measured or calculated quantities of 
products and their analyses

Material balances kept routinely in every 
plant serve as an accounting of the process
and constitute valuable records of operation 
on the basis of which cost calculations 
can be made

The furnace charge has to be changed often
in steelmaking practice due to changes in the specifications of the costumer

Manipulations in charge proportions can be economically and accurately made based on the 
composition data
The operating variables like temperature and pressure in addition to composition can be 
altered in order to improve the efficiency of the process if only the exact variables of the 
system at the initial state is known by material balance



In a commercial industrial operation it is difficult to make direct measurements on the 
process variables as a whole

The composition and concentration of reactant raw materials is conveniently measured, 
other process variables like the composition of flue gases may have to be estimated or 
calculated from the given data

The principles of general chemistry including the following stoichiometric principles enable 
us to calculate the missing parts of material balances:

• Conservation of mass
• Mass relations in metallurgical reactions
• Volume relations in metallurgical reaction
• Molar units
• Gas laws
• Excess reactants



Mass relations in metallurgical reactions

In extractive metallurgy processes, the accounting of the weight of products obtained from a 
given quantity of reactants is important

The simple way to determine the weight of the products is to make use of the atomic weights 
of elements appearing in a reaction

1. Write a correct chemical reaction describing the particular process
Fe3O4 + 4CO = 3Fe + 4CO2

2. Obtain the molecular weights of compounds appearing in reaction from atomic weights 
of elements

Atomic weights (g) Molecular weights (g)
Iron: 56 Fe3O4: 3*56+4*16 = 232
Carbon: 12 CO: 12+16 = 28
Oxygen: 16 CO2: 12+2*16 = 44

3. Calculate the relative weights of the reactants and products involved in reaction by 
multiplying the respective atomic or molecular weights with the stoichiometric 
coefficients

Fe3O4 + 4CO = 3Fe + 4CO2
Number of moles (1) (4) (3)       (4)
Relative weights 232 4*28=112 3*56=168  4*44=176

344    =    344



Example – Calculate the weights of Fe3O4 and CO necessary to produce 150 kg of iron

Fe3O4 + 4CO = 3Fe + 4CO2

Atomic weights (g) Molecular weights (g)
Iron: 56 Fe3O4: 3*56+4*16 = 232
Carbon: 12 CO: 12+16 = 28
Oxygen: 16 CO2: 12+2*16 = 44

Weight of Fe3O4 =
232

168
∗ 150 = 207 kg

Weight of CO =
4∗28

168
∗ 150 = 100 kg

Weight of CO2 =
4∗44

168
∗ 150 = 157 kg



Conservation of mass
The relationships between the quantities and analyses of the materials entering, leaving and 
participating in a process are obtained by using the law of conservation of mass

For any component X which may be chosen as an element or compound depending on the 
specific process, the generalized mass balance equation is written as

 𝑚𝑅 (%𝑥)𝑅= 𝑚𝑃 (%𝑥)𝑃±∆𝑚𝑥

where 𝑚𝑅 and 𝑚𝑃 represent the masses of substances making up the reactants and products 
respectively, (%𝑥)𝑅 and (%𝑥)𝑃 are the weight percentage of X present in reactants and 
products, ∆𝑚𝑥 represents an accumulation or depletion of X depending on its sign

Steady state process
Process yields a constant weight of outputs for a constant weight of input materials per unit 
time

∆𝑚𝑥 for a steady state process is zero and calculations are simplified considerably
Consider the continuous process operating at steady state:    𝐴 + 𝐵 + 𝐶 = 𝐷 + 𝐸 + 𝐹

Explicit mass balance for x: 𝑚𝐴(%𝑥)𝐴 +𝑚𝐵(%𝑥)𝐵 +𝑚𝐶(%𝑥)𝐶 = 𝑚𝐷(%𝑥)𝐷 +𝑚𝐸(%𝑥)𝐸 +𝑚𝐹(%𝑥)𝐹

Explicit mass balance for y: 𝑚𝐴(%𝑦)𝐴 +𝑚𝐵(%𝑦)𝐵 +𝑚𝐶(%𝑦)𝐶 = 𝑚𝐷(%𝑦)𝐷 +𝑚𝐸(%𝑦)𝐸 +𝑚𝐹(%𝑦)𝐹

Explicit mass balance for z: 𝑚𝐴(%𝑧)𝐴 +𝑚𝐵(%𝑧)𝐵 +𝑚𝐶(%𝑧)𝐶 = 𝑚𝐷(%𝑧)𝐷 +𝑚𝐸(%𝑧)𝐸 +𝑚𝐹(%𝑧)𝐹



Example – Make explicit mass balances for Fe, C and O in the following reaction:
Fe3O4 + 4CO = 3Fe + 4CO2

One mole excess CO is given to the furnace for each mole of magnetite

Fe balance:
𝑚Fe3O4(%𝐹𝑒)Fe3O4 +𝑚CO(%𝐹𝑒)CO = 𝑚Fe(%𝐹𝑒)Fe +𝑚CO2(%𝐹𝑒)CO2

232(
168

232
) + 5 ∗ 28(0%) = 3 ∗ 56(100%) + 4 ∗ 44(0%)

168 = 168

C balance:
𝑚Fe3O4(%𝐶)Fe3O4 +𝑚CO(%𝐶)CO = 𝑚Fe(%𝐶)Fe +𝑚CO2(%𝐶)CO2 ± ∆𝑚𝐶

232(0%) + 5 ∗ 28
12

28
= 3 ∗ 56 0% + 4 ∗ 44

12

44
+ 12

60 = 48 + 12

O balance:
𝑚Fe3O4(%𝑂)Fe3O4 +𝑚CO(%𝑂)CO = 𝑚Fe(%𝑂)Fe +𝑚CO2(%𝑂)CO2 ± ∆𝑚𝐶

232(
64

232
) + 5 ∗ 28

16

28
= 3 ∗ 56 0% + 4 ∗ 44

32

44
+ 16

144 = 128 + 16



Volume relations in metallurgical reactions

The volume reactions between gaseous members of a chemical reaction are obtained from 
their stoichiometric coefficients similar to mass relations

This relation is based on the Avogadro’s law which states that equal volumes of different 
gases will contain the same number of molecules under the same conditions of temperature 
and pressure

Example – Consider again the reduction of magnetite to metallic iron by carbon monoxide at 
constant temperature and pressure

Fe3O4(s) + 4CO(g) = 3Fe(s) + 4CO2(g)

4 liters of CO will produce 4 liters of CO2

There is an important difference between the mass and volume relations:
While the sum of the weights of products and reactants are equal, the sum of volumes may 
be different

Example - CO2 g + C s = 2CO(g)
100 m3 200 m3



Molar units

The coefficients preceding the formulas in reaction equations indicate the relative number of 
moles

Molar units used in material balance are gram-atom, kg-atom, g-mole and kg-mole

A gram-atom of an element is the mass  in grams of this element in proportion to its atomic 
weight

𝑔𝑟𝑎𝑚 − 𝑎𝑡𝑜𝑚 𝑜𝑓 𝑎𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 =
𝑚𝑎𝑠𝑠 𝑖𝑛 𝑔𝑟𝑎𝑚𝑠

𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡

Example – A gram-atom of carbon is 12 grams in mass, a kg-atom of carbon is 12 kilograms

A gram-mole of a compound is the mass in grams of this compound in proportion to its 
molecular weight

𝑔𝑟𝑎𝑚 −𝑚𝑜𝑙𝑒 𝑜𝑓 𝑎 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 =
𝑚𝑎𝑠𝑠 𝑖𝑛 𝑔𝑟𝑎𝑚𝑠

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡

Example – A gram-mole of CO2 is 44 grams in mass, a kg-mole of CO2 is 44 kilograms



Gas laws

Extractive metallurgy processes always contain gaseous phases participating in the reactions

Gas laws provide valuable simplifications to mass balance problems in the case of missing 
data

Boyle’s law - 𝑃 ∝
1

𝑉
at constant T

Guy-Lussac’s law - 𝑉 ∝ 𝑇 at constant P

Ideal gas law -
𝑃1𝑉1

𝑇1
=
𝑃2𝑉2

𝑇2
= 𝑅

Useful deductions:

• One gram-mole of any gas at standard temperature and pressure (273 K, 1 atm) occupies 
22.4 liters

• One kg-mole of any gas occupies 22.4 m3 at standard conditions

•
𝑉𝑇

𝑇
=
𝑉273

273



Example – Calculate the volume of air necessary to obtain blister copper in the Cu2S
converting process from a charge of 5000 kg 

Cu2S + O2 = 2Cu + SO2

1 kg-mole Cu2S consumes 1 kg-mole of O2 to yield copper

5000 kg of charge equals 
5000

(2∗64+32)
= 31.2 kg-moles

31.2 kg-mole Cu2S consumes 31.2 kg-mole of O2

Volume of O2 = 31.2 ∗ 22.4 = 700m3

Volume of air necessary = 700 ∗
1

0.21
= 3300m3 at STP

Conducting the analysis at STP simplifies calculations and is suitable when exact gas 
temperatures are not known or when different gases at different temperatures are involved

The volume of gases under conditions different than STP can be calculated by the ideal gas 
law

𝑃1𝑉1
𝑇1
=
𝑃2𝑉2
𝑇2



Excess reactants

In many metallurgical processes the quantities of reactants supplied to the system are not in 
the exact proportions demanded by the reaction equation

More oxygen has to be supplied above the stoichiometric requirements in combustion, 
roasting or converting processes to prevent unreacted reactants

The amount by which a reactant is present  in excess over the theoretically required quantity 
is expressed as the percentage excess of this reactant

%𝐸𝑥𝑐𝑒𝑠𝑠 𝑎𝑖𝑟 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑎𝑖𝑟−𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑖𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑖𝑟
∗ 100

Example – 25% excess CO is given to the system for each kg-mole of magnetite
Fe3O4 + 4CO = 3Fe + 4CO2



Materials Analyses in Pyrometallurgy

Material balance is the basic procedure that enables engineers specify all the amount of 
species without a knowledge of the complete system

Charge calculations enable engineers estimate the amount and ratio of the initial reactant 
charge of a furnace required to obtain the desired yield

The equilibrium concentration of both products and reactants in a chemical reaction can be 
determined when the temperature, pressure, and equilibrium constant at that T and P is 
provided 

Knowledge on the initial or equilibrium state of a system is important since thermodynamic 
state properties do not depend on the path taken 

Material balance should be supplemented with accurate material analysis results

Various types of photometers, spectrophotometers and other advanced instruments like 
ICP, XRF, XRD enable a rapid quantitative  measurement of sample composition with high 
accuracies



Analyses of metallurgical interest
1. Ultimate analysis: Percentages of elements are reported. Instruments used: XRF, ICP-AES
Element Weight %
O 46.60
Al 35.85
Ca 3.63
… …

2. Rational analysis: Percentages of compounds forming the sample are reported by gas 
analysis
Ultimate analysis can be combined with the information from XRD analysis to obtain rational
Phases present in the sample: Al2O3, CaO,…
Compound Weight %
Al2O3 80.45
CaO 5.72
… …
3. Mineralogical analysis: Rational analysis given in terms of percent minerals making up 
sample
Mineral Weight %
Corundum 80.45
Limestone 5.72
… …
4. Proximate analysis: Commercial specification of the results of standardized test
Quantities reported in coal analysis: Fixed carbon, volatile matter, moisture, ash



Compositon of various inputs and outputs should be determined in order to write material 
balance

A representative sample of the material is obtained by different methods depending on the     
state of the material

The precision of a weight measurement depends on the number of samples taken
Its accuracy also depends on the sampling procedure

If the material being sampled is homogeneous, a single or very few samples may be enough       
to measure the weight accurately

On the other hand, a mixture (such as slag on top of liquid metal) may not be well-mixed and 
may require extensive sampling to improve the accuracy of the reported analysis



Granular solids and lump ores (such as coal) present the biggest problems in sampling and 
require the use of carefully designed sampling procedures

The size of solid sample depends on 3 parameters:
• Particle size of the material
• Variability of the measured property from one particle to another
• Microstructural homogeneity of the material (valuable mineral grains may or may not be  

uniformly distributed)
Therefore theoretical prediction of the required sample size is impossible

A procedure for finding the sample weights based on sampling data of a known material:
𝑊 = 𝑘𝐷𝑎

where W is the sample weight, D is the maximum particle size in the sample, k is a constant 
depending on the material, a is a constant usually taken as 2

The only way to determine k is to have sampling data of the same material (weight of a 
material at one maximum size)

Example – A copper ore is known to give a satisfactory 100 g sample when the ore is crushed 
and ground to a maximum size of 1 mm. What size sample is required if the sampling of the    
ore is done from a crusher set at 12 mm opening?



Large piles of ore are needed to convert to composite samples to make accurate 
measurements by obtaining multiple parts

Example – The sampling procedure for  coal from lots of 1000 tons or less is given in ASTM 
standards D492 and E105

Statistical certainty is provided by this procedure such that 95% of the composite samples will   
be within 10% of the true average composition
Samples are taken 
• by a single motion of the sampling instrument in such a way that the time for each sampling 

is the same
• in a random way such that every part of the pile has a probability of selection and the      

entire pile is represented proportionally in the gross sample



There are many sampling instruments for granular solids and the only criterion of selection is 
that each sample be truly representative of the pile or stream at that point or that instant of 
time

Once the composite sample has been collected, it must be reduced to a size such that an 
analysis can be made

Example – ASTM D492 requires the gross coal sample to be crushed and screened so that 95% 
by weight will pass through a No. 4 sieve (5 mm) and 100% will pass a 10 mm round hole 
screen. Then sample is reduced to 27 kg by further crushing and screening to a sample of not 
less than 0.5 kg so that 95% will pass a No. 8 sieve (2.5 mm)



Sampling of liquids depend mainly on the mixedness of the liquid mixture and may require 
lengthy sampling procedures for heterogeneous liquids

Typically sampling spoons are plunged into liquid metal baths and withdrawn with a sample 
which is then poured into a metal chill mold
Other metal sampling devices that can be plunged deep into the metal with protective seals or 
caps that melt away and allow metal to be drawn into the sample mold



The number of samples from a metal bath that is required to obtain accurate accurate results 
also depends on the concentration and density of the element of interest

Example – Samples taken at the same time, from different locations in an electric arc furnce 
have varying compositions due to the heterogeneity of the metal

Similarly, alloy additions made to stationary baths may not properly disperse or elements 
reduced fro slags may be concentrated at the slag/metal interface



The type of sampler used for metals also has an effect on the accuracy of the analysis

Slag samples are often taken by spoon and poured onto clean concrete where the pancake is 
allowed to harden. It is then crushed for analysis
Care must be taken to check for entrained metallic particles and gas bubbles that may affect 
the density measurements adversely



Samples of the process gases are often taken for compositional analysis or particulate analysis
Sampling for particulates is done with various methods, all of which depend on pulling the gas 
through a device which traps out the particles and measures the total gas flow at the same 
time

Example – ASTM standard 2006 recommends uisng a glass cloth filter to trap large relatively 
large particles, collecting them from about 2000 m3 of gas drawn through the sample over a    
24 hour period
Other sample filters such as paper have to be used to trap very fine fumes, porous ceramic 
membranes for hot gases and filters of cellulose esters to collect colloids

For highest accuracy of particulate analysis, samples should be taken under isokinetic 
conditions (the velocity of the dust stream at the entrance to the probe = velocity upstream)



Direct weighing of charge materials or products is a routine 
procedure in many metallurgical procedures

There are a large variety of instruments used for weighing small or 
large batches:
• Belt weighers – The weight passing a given location on a 

moving belt is obtained by multiplying the speed of belt and 
the force on the roller, measured by load cells

• Hopper weighers – Feed hoppers, charging buckets, scale cars 
are weighed by load cells built into their supporting frame

• Platform weighers – Stationary scales that are commonly used 
to weigh tons of ladles in steel mills or a few kg of alloying 
additions



• Crane weighers – Load cells are fitted to the spreader beam or located on the moving crab 
on large bridge cranes

• Roller converyor weighers - Slabs, ingots and other large mill products may be weighed 
while being transported via roller conveyors

This is done by active weigh scales where a section of the roller table acts as a platform scale



In processes involving molten slag and metal, mass cannot be easily measured directly

Density and volume data are obtained instead of weight of the material
This requires an accurate measurement of density since the volume measurements are 
commonly inaccurate

• Liquid density – If the material is liquid at room temperature, a graduated cylinder and 
laboratory balance can give accurate values of density
If the material is liquid in the process, but solid at room temperature, the solid sample 

density in combination with overall volume may be used for very inaccurate results
Commonly, the density of the solid is determined and an assumption of the shrinkage upon 

solidification is made

• Bulk density – The gross mass of a batch of granular solids / the volume of the container
The most important aspect of the procedure that affects the accuracy of the measurement 

is to have a large enough sample box compared to the average particle size
𝜌𝑏𝑢𝑙𝑘 = 1 − 𝜔 𝜌𝑜

where 𝜌𝑜 is the true density of the solid phase, 𝜔 is the void fraction

Example – ASTM standard D292-29 recommends using 60cm x 60cm x 60cm boxes for coke 
grains that are 12.5 cm or smaller in diameter, 30cm x 30cm x 30cm boxes for 2.5cm or smaller
The weighing box is filled by a shovel from a height of 5 cm above the top of the box with no 
attempt to spread or arrange the coke



The accurate measurement of the temperature of process input and output materials is 
required in order to establish an energy balance
A wide variety of temperature sensors are available

Temperature measurements in molten metals are made using disposable Pt-Pt/Rh or W-Re 
thermocouples contained in cardboard sleeves that fit over reusable steel bars



When making heat balance in industrial environments, the temperature of gas or air streams 
play a very important role
The measurement of the temperature of a gas is very different from a measurement in liquids 
and solids
The problem is the thermocouple sensor may not attain the same temperature as the gas

The thermocouple is usually enclosed in a metal protection tube which is connected to an 
opening in the wall of the duct, resulting in a temperature gradient through the tube
The error in measurement depends on many parameters including the rate of flow of the gas, 
the length, diameter and materials of the tube and the thermocouple wires, and the 
temperature of the wall to which the tube is attached

Example – Thermocouple located in the wall of a flue with a hot gas stream may indicate 
temperatures 80K less when the actual gas temperature is 700K

Furthermore, it is not sufficient to measure the temperature of the gas at only one point, since 
the flow may be stratified
The average of flow and temperature measurements made at multiple points should be used 
to calculate the stream average heat flow



Analysis of processes also requires information about the mass-flow rates of gases
There are a large variety of instruments for measuring flow in closed channels and ducts



Sometimes it is necessary to measure and record pressures in systems where a gas phase is 
involved the process e.g. Metal ore reduction by CO gas
In metallurgical processes this rarely involves pressures outside 10-6 to 10 atm

A sensing device having some form of elastic element is used for pressures above 5 atm, like 
helixes, spirals, etc.
For lower pressures manometers and bells are commonly used
Manometers may utilize mercury, water or oil as the fluid, depending on the range of P



Once a significant sample has been obtained, an accurate chemical analysis must be made
The technique used determines the accuracy of the results and depends on the physical state 
and nature (metallic, oxide, silicate, etc.) of the material as well as on the level of concentration 
of the element of interest



ICP-AE spectrometry – the fastest and most convenient method for metals
Atomic emission spectroscopy uses quantitative measurement of the optical emission from 
excited atoms to determine the concentration of a solution
Atoms are energized into the excitation region where they are de-solvated, vaporized, and 
atomized by a flame, discharge, or  plasma (Inductively Coupled Plasma) 

High-temperature atomization source provides sufficient  energy to promote the atoms into 
high  energy levels
The atoms  decay back to lower levels by emitting light
Light emitted due to transitions between distinct atomic  energy levels are recorded as spectra 
The spectra of samples containing many elements can be very crowded, and spectral 
separation of nearby atomic transitions requires a high-resolution  spectrometer



XRF spectrometry – Requires finely ground powder sample
When a material is hit with X-rays, fluorescent X-Rays are analyzed in order to gain information 
on the elemental composition

An energy dispersive detection system directly measures the different energies of the emitted 
X-Rays from the sample
An XRF spectrum is generated by counting and plotting the relative numbers of X-Rays at each 
energy



X-ray Diffraction – Requires finely fround powder sample
Analytical technique primarily used for phase identification of a crystalline material and can 
provide information on unit cell dimensions
Crystalline substances and spacing of planes in a crystal lattice act as three-dimensional 
diffraction gratings for X-ray wavelengths 

X-rays are generated by a cathode ray tube, filtered to produce monochromatic radiation, and 
directed toward the sample
The interaction of the incident rays with the sample produces constructive interference and a 

diffracted ray when conditions satisfy Bragg's Law



Atomic absorbtion spectroscopy
The technique measures the absorption of spectral energy characteristics by metallic atoms
The fraction of the spectra absorbed is directly proportional to the concentration of the atoms
Spectra are generated by using hollow cathodes made of the metal of interest, so a different 
cathode must be used for each element
The absorbing atoms whose concentration is determined are dissolved in a liquid which is then 
vaporized in a flame in the path of the spectra
Relatively free of inter-element interactions and the resulting need for corrections



The oxygen content of flue gas is an important indicator of combustion efficiency
It is often monitored on a continuous basis by passing the process gas through a thermal 
conductivity cell with a heated filament on either side of the stream
This method makes use of the strong paramagnetic susceptibility of oxygen
One filament is surrounded by a magnetic field so that the oxygen in the gas sample is drawn 
to that side, cooling the filament
The resulting difference in resistivity of the filament is proportional to the oxygen content of 
the gas



Gas analysis
Orsat apparatus is used to analyze gases in terms of volume percentages of molecular species 
present on a dry and dust-free basis
Mole percentages which are equivalent to the ratios of partial pressures of gaseous 
components to total pressure are  also used interchangeably

Orsat apparatus consists of a measuring burette to take about 100 cm3 of gas and a number of 
bulbs attached
Pyrogallol solution is used to determine the oxygen content, KOH solution for CO2 content, 
CuCl, HCl solution for CO content. Other bulbs can be added for hydrocarbon contents

Orsat apparatus gives the percentages on a dry basis since it is saturated with water

A similar apparatus exists for the determination of sulfur gases in roasting


