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Even though devices to perform online and inline elemental analysis are widely available, they are 
generally under-utilised in the mineral processing industry. Instead, information obtained from labora-
tory analysis of material samples is used for process control, despite of sample analysis being time-
consuming, expensive and error prone. Thus, in this paper, we demonstrate that online elemental 
analysis is a viable alternative to sampling-based material monitoring. To this end, we present the re-
sults of field-studies performed in a controlled environment, as well as at a flotation cell of the GTK 
Mintec mineral processing pilot plant. In both studies, we analyse the copper concentration in a sus-
pension using the FLORIDA XRF device and report relative errors as low as 4% under controlled con-
ditions, and 6% at the processing plant. 

Introduction 
Froth flotation6 is one of the most common techniques in the mineral processing industry, during which the fine-grained 
minerals are separated by taking advantage of their hydrophobicity. To maximize target material yield, the process param-
eters need to be continuously optimized, which is typically achieved by manual sampling of the extracted material followed 
by laboratory analysis of the samples’ chemical composition5. This method of process control is, however, very time-con-
suming, expensive, and error prone.  

In this paper, we demonstrate the viability of inline and online elemental analysis as an alternative to the sampling-based 
approach for process control. Specifically, we evaluate the FLORIDA XRF analyser2, which adapts the X-ray fluorescence 
(XRF) principle to determine the elemental composition of slurries and suspensions without direct sampling. The device can 
be mounted directly on pipes at a mineral processing plant for reliable continuous monitoring of the concentration of chemical 
elements with an atomic number greater than 20. When used for process control, it has the advantage over sampling-based 
approaches, that it allows for an immediate response during process optimization while eliminating some errors arising from 
sampling.  

It should be noted, however, that due to the underlying measurement principle, the analyser does not measure the ele-
mental composition of the whole product stream, but only of a fraction thereof, and thus still suffers from some errors asso-
ciated with sampling. For instance, we can only hope that turbulent flows cause the measured material to be sufficiently 
homogenized to result in representative samples. Thus, we do not claim, that online elemental analysis leads to more rep-
resentative results than laboratory analysis of periodically extracted samples, but rather that it is a viable alternative. 

To support this claim, we have conducted a field study on-site at a flotation cell of the GTK Mintec pilot plant1 and in this 
paper we evaluate the performance of the inline elemental analyser for process optimization and compare the results with 
traditional sample analysis. For the study, copper ore slurries were prepared and pumped through a pipe segment installed 

Figure 1. FLORIDA XRF analyser that has been installed at a flotation cell of the GTK Mintec plant for our experi-
ments. The upper box of the device is the sensor head consisting of an X-ray tube, an SDD detector, and a cooling
system. It is fed by the attached pipe. The lower box contains the control cabinet of the device. 



132 Online Elemental Analysis For Process Control In The Mineral Processing Industry
  

in the FLORIDA XRF device which continuously recorded XRF spectra of the slurry. Simultaneously, the device’s outflow 
has been sampled for laboratory analysis of the slurry chemical composition. We compare these laboratory results with the 
measurements of FLORIDA and show a relative measurement error of 6%, which can mainly be attributed to sampling errors 
and statistical uncertainties that are inherent to XRF analysis. 

We conclude the paper with a qualitative evaluation of a long-term measurement of the slurry during which the process 
parameters were altered several times and thus show that capability of online and inline elemental analysis to delineate 
trends that likely can be used for process control in the mineral processing industry. 

Online elemental analysis for process control in the mineral processing industry 
The goal of process control in mineral processing is to optimise the recovery of valuable minerals, while maintaining the 
quality of the concentrates delivered to the processing plants5. After the minerals have been liberated from the ore by com-
minution and sizing processes, they are separated from the gangue using methods that depend on the materials’ relative 
physical and surface chemical properties, such as hydrophobicity, specific gravity, magnetic susceptibility, and colour. This 
separation process is highly complex since it is influenced by a high number of parameters that require to be tuned to 
guarantee optimal yield.  

To control the effect of the parameter adjustments, the quality of the concentrate needs to be constantly monitored. Typ-
ically, this monitoring is performed by sampling the material and analysing the samples in a chemical laboratory. This pro-
cess is not only expensive but also time consuming, which has been shown to result in negative economic impacts7. Fur-
thermore, any sampling process of heterogeneous materials generates errors which result in inaccuracies of the laboratory 
analysis4. According to Gy’s Theory of Sampling (TOS)3, 4, these sampling errors can be divided into three main classes: 
errors that are caused by material heterogeneity, errors that are inherent to the sampling process, and analytical errors that 
are encountered during laboratory analysis of the samples. Note, that beside of the identification of sampling errors, TOS 
also provided tools for their evaluation, minimisation, and/or elimination; however, in practice the utilization of this toolset is 
still rare, despite TOS being a gold standard for many decades.  

An alternative to sampling-based methods for process control are inline and online elemental analysers, which have the 
advantage of forgoing the error-prone manual material sampling step for offline analysis,. Instead they offer immediate 
information about the process and can be continuously operated 24/7 for material monitoring. However, even though such 
devices are widely commercially available, they are generally under-utilised in the mineral processing industry due to the 
plant operators’ distrust in the online information given by estimation models5. These devices are typically based on the X-

Figure 3. Typical sample spectrum recorded with an XRF analyser, such as FLORIDA XRF. 

Figure 2 Left: FLORIDA sensor with attached spool piece. Right: A typical 40 mm spool piece with a measuring
window in its centre. To ensure that the pipe is always filled with slurry, it is ideally installed in a vertical position. 
If only a horizontal position is possible, the window should be placed in a 03:00 or 09:00 position to make sure that 
the slurry is measured instead of rising bubbles or settling sediments and thus increase the representativeness of
the measurement. 

ray fluorescence principle or Prompt Gamma Neutron Activation Analysis (PGNAA). Among XRF-based devices are the 
Courier 5X/6X8, PERI Online Slurry Analysis System9, Boxray 2410, and FLORIDA XRF2, while the GS Omni11 uses the 
PGNAA technique. While all the aforementioned devices are aimed at the online analysis of slurries and suspensions, similar 
solutions for the analysis of solids like coal or ores exist as well, such as the XRF-based CON-X13 andTEXAS14 analysers, 
and the PGNAA-based GEOSCAN12 series. 

FLORIDA inline and online X-ray fluorescence analyser 
The FLORIDA XRF analyser for liquids and slurries has been developed by J&C Bachmann GmbH and adapts the industry-
proven X-ray fluorescence analysis used in chemical laboratories for plant conditions. The device enables continuous mon-
itoring of the physical composition of the material in the process and can be installed directly on a process pipe, as shown 
in  Figure 1. A dedicated spool section with an application-specific measurement window is installed (c.f., Figure 2). Spool 
and window are specified to meet the chemical and physical conditions and to protect the sensor system against damage. 
The systems do not require continuous or regular sampling for its calibration and can be used in a large variety of applica-
tions. 

The XRF technique15 relies on generation of fluorescent X-rays by bombarding a sample with high-intensity X-rays pro-
duced by an X-ray tube. The fluorescent X-ray photons are then detected by an energy discriminating detector. This detector 
further sorts the registered photons into one of a predefined number of channels and reports the particle counts in each 
channel as a spectrum (c.f., Figure 3 for an example XRF spectrum). The mapping between a channel and the photon 
energy is achieved by means of an energy calibration step with a defined sample of known composition. 

Each chemical element produces a signal et its characteristic energies, which is represented as a peak in the spectrum. 
Thus, to quantify the concentration of the target element, first the area of its corresponding peak is determined which is then 
mapped to the elemental concentration by means of a calibration curve whose parameters are learned from a reference 
sample set with a known concentration, which is determined by a laboratory. Since the relationship between the areas of 
characteristic peaks and the elemental concentration is usually linear, in most cases, linear regression is used for the un-
derlying calibration model, and any deviation from this linear curve (primarily due to absorption of emitted lines by other 
elements in the sample) can easily be corrected by influence coefficients or other methods. 

Elemental analysis for process control 
To demonstrate the suitability of online elemental analysis as a viable alternative to laboratory analysis of periodically sam-
pled produce, which is typically performed for process control in a mineral processing plant, we have conducted several 
measurements with the FLORIDA XRF analyser under varying environments. Specifically, we have conducted two meas-
urement campaigns which will be discussed in detail in the following subsections. The first measurement campaign has 
been conducted in a controlled environment to establish a baseline that is independent of any errors introduced by the 
material sampling process, whereas the second one has been done at the GTK Mintec pilot plant. To increase comparability 
of the measurement campaigns, both campaigns performed under similar conditions, regarding the measurement parame-
ters. 

Throughout the experiments, we report as evaluation metric the mean absolute error (MAE) and the mean absolute per-
centage error (MAPE). In this context, the MAE is a measure of errors between the elemental concentration reported by a 
chemical laboratory and the FLORIDA XRF. When using online elemental analysers, this error typically increases with an 
increase of the target element concentration, which is caused by physical phenomena, such as absorption and scattering17 
of the radiation, in-homogeneity of the measured material, or other random fluctuations associated to the process of meas-
urement of X-ray peak intensities16. Nonetheless, the MAPE being the relative deviation between both measurements is 
usually independent of the concentration, which is why it is reported as well. Furthermore, calibration curves (e.g., Figure 3) 
are used to illustrate the error between the XRF measurement (“Calibrated value”) and laboratory result (“Lab value”). 

Figure 4. Cu calibration curve obtained from the measurements performed in a controlled environment of
CuSO4(H2O)5 solutions of different concentrations (MAPE = 4 %, MAE = 170 ppm). 
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ray fluorescence principle or Prompt Gamma Neutron Activation Analysis (PGNAA). Among XRF-based devices are the 
Courier 5X/6X8, PERI Online Slurry Analysis System9, Boxray 2410, and FLORIDA XRF2, while the GS Omni11 uses the 
PGNAA technique. While all the aforementioned devices are aimed at the online analysis of slurries and suspensions, similar 
solutions for the analysis of solids like coal or ores exist as well, such as the XRF-based CON-X13 andTEXAS14 analysers, 
and the PGNAA-based GEOSCAN12 series. 

FLORIDA inline and online X-ray fluorescence analyser 
The FLORIDA XRF analyser for liquids and slurries has been developed by J&C Bachmann GmbH and adapts the industry-
proven X-ray fluorescence analysis used in chemical laboratories for plant conditions. The device enables continuous mon-
itoring of the physical composition of the material in the process and can be installed directly on a process pipe, as shown 
in  Figure 1. A dedicated spool section with an application-specific measurement window is installed (c.f., Figure 2). Spool 
and window are specified to meet the chemical and physical conditions and to protect the sensor system against damage. 
The systems do not require continuous or regular sampling for its calibration and can be used in a large variety of applica-
tions. 

The XRF technique15 relies on generation of fluorescent X-rays by bombarding a sample with high-intensity X-rays pro-
duced by an X-ray tube. The fluorescent X-ray photons are then detected by an energy discriminating detector. This detector 
further sorts the registered photons into one of a predefined number of channels and reports the particle counts in each 
channel as a spectrum (c.f., Figure 3 for an example XRF spectrum). The mapping between a channel and the photon 
energy is achieved by means of an energy calibration step with a defined sample of known composition. 

Each chemical element produces a signal et its characteristic energies, which is represented as a peak in the spectrum. 
Thus, to quantify the concentration of the target element, first the area of its corresponding peak is determined which is then 
mapped to the elemental concentration by means of a calibration curve whose parameters are learned from a reference 
sample set with a known concentration, which is determined by a laboratory. Since the relationship between the areas of 
characteristic peaks and the elemental concentration is usually linear, in most cases, linear regression is used for the un-
derlying calibration model, and any deviation from this linear curve (primarily due to absorption of emitted lines by other 
elements in the sample) can easily be corrected by influence coefficients or other methods. 

Elemental analysis for process control 
To demonstrate the suitability of online elemental analysis as a viable alternative to laboratory analysis of periodically sam-
pled produce, which is typically performed for process control in a mineral processing plant, we have conducted several 
measurements with the FLORIDA XRF analyser under varying environments. Specifically, we have conducted two meas-
urement campaigns which will be discussed in detail in the following subsections. The first measurement campaign has 
been conducted in a controlled environment to establish a baseline that is independent of any errors introduced by the 
material sampling process, whereas the second one has been done at the GTK Mintec pilot plant. To increase comparability 
of the measurement campaigns, both campaigns performed under similar conditions, regarding the measurement parame-
ters. 

Throughout the experiments, we report as evaluation metric the mean absolute error (MAE) and the mean absolute per-
centage error (MAPE). In this context, the MAE is a measure of errors between the elemental concentration reported by a 
chemical laboratory and the FLORIDA XRF. When using online elemental analysers, this error typically increases with an 
increase of the target element concentration, which is caused by physical phenomena, such as absorption and scattering17 
of the radiation, in-homogeneity of the measured material, or other random fluctuations associated to the process of meas-
urement of X-ray peak intensities16. Nonetheless, the MAPE being the relative deviation between both measurements is 
usually independent of the concentration, which is why it is reported as well. Furthermore, calibration curves (e.g., Figure 3) 
are used to illustrate the error between the XRF measurement (“Calibrated value”) and laboratory result (“Lab value”). 

Figure 4. Cu calibration curve obtained from the measurements performed in a controlled environment of
CuSO4(H2O)5 solutions of different concentrations (MAPE = 4 %, MAE = 170 ppm). 
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Baseline experiment in a controlled environment 
To demonstrate the reliability of elemental concentration measurements with an XRF analyser when sampling errors can be 
ruled out, we have conducted a measurement campaign under strictly controlled conditions. To this end, we have used the 
FLORIDA device to analyse a solutions of Copper(II) sulphate pentahydrate, i.e., CuSO4(H2O)5, with Cu concentrations in 
the range of 1000 ppm to 20000 ppm. During all measurements, the spectrum integration time was equal to 60 s and each 
solution has been measured at least ten times. 

The resulting calibration curve of this baseline experiment can be found in Error! Reference source not found.. It can 
be observed that all measurements follow the trend of a straight line without any outliers. This is not surprising, since the 
measurement were unbiased by a material sampling process. It can, however, be further observed, that with increasing Cu 
concentration, the absolute deviation of the measurements from the ideal curve increases as well, which explains the re-
ported mean absolute error (MAE) of 170 ppm and a mean absolute percentage error (MAE) of 4%. As previously explained, 
this behaviour has been expected due to errors introduced by statistical uncertainties16. In theory, this statistical error could 
be reduced by increasing the spectrum integration time, which in turn might make the measurements temporally too far 
apart to allow for a smooth control of the process parameters. Nonetheless, this experiment underlines the accuracy and 
robustness of XRF-based online elemental analysis for process control in the mineral processing industry. It must be noted 
that due to the saturation of the solution at Cu concentrations greater than ~2%, this experiment does not fully correspond 
to the in-situ experiments at the Mintec plant, where the analysed slurry had a Cu concentration ranging from 5% to 13%. 
However, this does not mean that the results of this baseline experiment cannot be generalized, since previous experiments 
with different target elements have shown that the calibration curve continues to stay linear when analysing suspensions 
with much higher elemental concentrations. The only exception to this statement occurs, when measuring slurries with a 
very high ore concentration, in which case X-ray absorption effects transform this line into a curve. 

Copper ore measurements at the GTK Mintec mineral processing plant 
The goal of the second measurement campaign was twofold: to highlight the stability of XRF-based online elemental analysis 
in an in-situ application and to empirically demonstrate the errors introduced by material sampling for process control. This 
measurement series has been performed at the Mintec pilot plant of the Geological Survey of Finland (GTK) from August 
26 to 31, 2021.  

GTK Mintec1 is comprised of a mineral processing pilot plant as well as process mineralogy and bench-scale processing 
laboratories for minerals, ores, geomaterials, and circular economy materials, and belongs to the Circular Economy Solu-
tions unit, which is the largest unit within GTK. Its main purpose is to develop innovations for mineral grinding and benefi-
ciation processes and to provide research services for different industries.  

Our experiments took place in a flotation cell of GTK Mintec, where we performed online measurements of the product 
stream with a FLORIDA XRF analyser, as shown in Figure 1. There, copper ore slurries were prepared and pumped through 
a pipe segment installed in the FLORIDA XRF device, which obtained a spectrum of the slurry every 60 seconds. At selected 
intervals, slurry samples were taken from the device’s outflow. To ensure comparable results, the sampling procedure was 
as close as possible to the one that is usually employed at the plant to sample material for laboratory analysis whose results 
are then used for process control. The spectra corresponding to the sampling times were then used to construct all the 
calibration curves, which are discussed in the following. 

Following the principles of proper validation (PPV)18, two sample set were collected: a training (i.e., calibration) set, and a 
test (i.e., validation) set. The calibration set spectra were used to teach the calibration model, which in turn has been used 
to construct the calibration curve depicted in Figure 5. This calibration model was then applied to the samples in the valida-
tion set to determine its validity (c.f., Table 1). 

As in the calibration curve in previous baseline experiment (c.f., Figure 3), the calibration measurements mostly lie on the 

Figure 5. Cu calibration curve obtained with the training set of the measurements of ore slurries at GTK Mintec 
(MAPE = 5%, MAE = 0.36%). 

perfect calibration curve, this time however, two outliers (i.e., training sample 2 and 5) can be clearly registered. We attribute 
these outliers to the physical sampling process and not to measurement errors, since in the previous experiment, we have 
already established the accuracy of the XRF analyser in a setup when sampling errors can be ruled out. Obviously, these 
ideal measurement conditions of the baseline experiment cannot fully be transferred to the real-world conditions of a mineral 
processing plant, where an inhomogeneous produce stream, as well as an inappropriate sampling design not accommodat-
ing to the material inhomogeneities are always to be expected. Nonetheless, having validated the analyser under perfect 
conditions decreases the likelihood of the outliers having been caused by the sensor setup and thus increases the confi-
dence to improve the representability of the calibration by dropping the outliers from the training set. However, despite the 
existence of outliers in the calibration set, the overall accuracy of the analyser is in line with the baseline results, with a 
MAPE of 5% on the calibration set and 6% on the validation data. 

To ensure that these results were not caused by a coincidental assignment of samples to both sets (i.e., calibration and 
validation data), we have further analysed the effect of data set assignment of these samples, as shown in the calibration 
curves in Figure 7. Even though both curves are impacted differently by the outliers that were introduced by the sampling 
process, the measurement statistics are still consistent with the statistic of the original training set (c.f., Figure 5), which 
highlights the robustness of the calibration procedure to sampling errors. Nonetheless, it should be noted, that this experi-
ment only indicates that an in-line elemental analyser produces results that are robust to sampling errors that occur when 
assembling a calibration set, however, an appropriate sampling procedure is still of utmost importance, when selecting the 
calibration samples. 

 In a final experiment, we have conducted a longer-term measurement with FLORIDA XRF to qualitatively demonstrate 
its capability. To this end, we have applied the previously described calibration model to the spectra obtained from the 
copper or slurry to measure the copper concentration within the slurry and plotted the evolution of the Cu concentration over 
the course of one hour, during which parameter changes of the flotation process were performed. This plot can be found in 
Figure 6, where the impact of the parameter changes on the Cu concentration can be clearly observed, which further un-
derlines the viability of online and inline elemental monitoring as an alternative to the error-prone and time-consuming la-
boratory analysis of samples regularly taken from the product stream. 

Conclusions 
The aim of this work was to highlight the advantages of inline and online elemental analysis of suspensions and slurries for 
process control in the mineral processing industry. To this end, two measure campaigns have been conducted with the 
FLORIDA XRF analyser. The first campaign took place under controlled conditions that removed the necessity of material. 
Its goal was mainly to establish a baseline for the second campaign, which has been undertaken in situ at the Mintec mineral 
processing plant. The major results of the presented experiments were threefold. Firstly, we have demonstrated the 

Table 1. Accuracy achieved when the calibration model is applied to the samples in the calibration set (left) and
validation set (right). The accuracies on both sets are similar implying the generalization capability of the model.
The two outliers, i.e., training sample 2 and validation sample 1, have most likely been caused by errors introduced
by the sampling process and not by the measurement, since the measurement error of the remaining samples is
consistently much lower. 

calibration 
sample No  

[Cu] 
(%) 

measured 
[Cu] (%) 

abs.  
error 

rel. er-
ror (%) 

1 10.5 10.59 0.09 1 
2 6.05 7.00 0.95 16 
3 12.9 12.88 0.02 0 
4 8.77 8.48 0.29 3 
5 8.63 9.6 0.97 11 
6 9.64 9.69 0.05 0 
7 7.69 7.48 0.21 3 
8 6.6 6.33 0.27 4 
9 7.78 7.37 0.41 5 
10 7.22 6.82 0.21 6 
Mean calibration error 0.36 5 

 

validation 
sample No 

[Cu] 
(%) 

measured 
[Cu] (%) 

abs.  
error 

rel. er-
ror (%) 

1 4.9 5.87 0.97 20 
2 11.9 11.35 0.55 5 
3 9.89 10.70 0.81 8 
4 6.74 7.14 0.40 6 
5 7.72 7.90 0.18 2 
6 9.3 9.47 0.17 2 
7 8.73 8.04 0.69 8 
8 7.29 7.51 0.22 3 
9 8.31 8.2 0.11 1 
10 6.45 6.24 0.21 3 
Mean validation error 0.43 6 
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Figure 6. Evolution of the measured Cu concentration in a copper ore slurry over the course of an hour. The
observed changes over time indicate the parameter changes of the process parameters performed during the
flotation test, demonstrating the capability of online and inline monitoring of an elemental analyser for mineral 
preparation. 
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perfect calibration curve, this time however, two outliers (i.e., training sample 2 and 5) can be clearly registered. We attribute 
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dence to improve the representability of the calibration by dropping the outliers from the training set. However, despite the 
existence of outliers in the calibration set, the overall accuracy of the analyser is in line with the baseline results, with a 
MAPE of 5% on the calibration set and 6% on the validation data. 

To ensure that these results were not caused by a coincidental assignment of samples to both sets (i.e., calibration and 
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ment only indicates that an in-line elemental analyser produces results that are robust to sampling errors that occur when 
assembling a calibration set, however, an appropriate sampling procedure is still of utmost importance, when selecting the 
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 In a final experiment, we have conducted a longer-term measurement with FLORIDA XRF to qualitatively demonstrate 
its capability. To this end, we have applied the previously described calibration model to the spectra obtained from the 
copper or slurry to measure the copper concentration within the slurry and plotted the evolution of the Cu concentration over 
the course of one hour, during which parameter changes of the flotation process were performed. This plot can be found in 
Figure 6, where the impact of the parameter changes on the Cu concentration can be clearly observed, which further un-
derlines the viability of online and inline elemental monitoring as an alternative to the error-prone and time-consuming la-
boratory analysis of samples regularly taken from the product stream. 

Conclusions 
The aim of this work was to highlight the advantages of inline and online elemental analysis of suspensions and slurries for 
process control in the mineral processing industry. To this end, two measure campaigns have been conducted with the 
FLORIDA XRF analyser. The first campaign took place under controlled conditions that removed the necessity of material. 
Its goal was mainly to establish a baseline for the second campaign, which has been undertaken in situ at the Mintec mineral 
processing plant. The major results of the presented experiments were threefold. Firstly, we have demonstrated the 
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Figure 6. Evolution of the measured Cu concentration in a copper ore slurry over the course of an hour. The
observed changes over time indicate the parameter changes of the process parameters performed during the
flotation test, demonstrating the capability of online and inline monitoring of an elemental analyser for mineral 
preparation. 
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qualitative and quantitative accuracy of inline elemental analysis which highlights its usefulness for process control. The 
calibration curve obtained based on slurries with precisely generated concentrations show excellent correlation between the 
inline measurement and the laboratory results. Secondly, we have shown the device’s robustness to outliers arising from 
errors introduced by sampling and probably in the laboratory process reference data that was used for calibration. Lastly, 
we have highlighted the problems which are related to the use of more or less representative samples from a fluid process 
stream. Obviously fluid sampling is frequently accompanied by some bias; therefore, the calibration samples show significant 
differences to the inline analyses. This result also indicates that an analysis in the main stream (inline) should be preferred 
compared to an analysis in a bypass stream since even continuously working automatic sampling stations cannot guarantee 
to be free of sampling errors. Overall, our results demonstrate that online and inline elemental analysis a viable alternative 
to the laboratory analysis of periodically drawn material samples that is commonly used for process control in the mineral 
processing industry, since it yields sufficiently accurate results, provides immediate, continuous 24/7 measurements, and 
eliminates some error sources that are inherent to laboratory sampling. 
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