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Abstract - A study was developed and conducted to examine the availability of a novel “green” 

collector made from nanofibrillated celluloses to remove iron oxide contaminants (Laitinen et al, 

2014) from sand for the glass making industry through laboratory reverse froth flotation. The aim 

of the study was to investigate the capabilities of the NFC collector to replace other more pollutant 

collectors in the “case study” industrial sand processing facilities and to model its behaviour with 

very fine sand produced at the “case study” mine. 

 The sample, previously processed through hydroclassification and spiral concentration, 

had 87% of the particles with a size between 500 µm and 250 µm with the main mineral being 

silica with a grade close to 99,5 % and the main contaminant minerals being iron oxide and 

alumina with 230 ppm and 2130 ppm respectively. 

The work was divided into two parts, the first where three traditionally used carboxylate 

collectors were tested to provide comparison results with the “green” NFC and a second phase 

where preliminary laboratory trials were performed with the NFC collector to provide data for a 

full factorial composite design of experiments to be carried out in order to model the flotation of 

the iron oxides with three variables. 

Three polynomial equations were fitted to describe the laboratorial process and predict 

the iron oxide grade in the sunken product, its recovery in the floated product and the weight 

recovery in the floated product. It was found that the optimum conditions were a NFC 

concentration of 40 g/t, a pH in the pulp of 10 and 3 minutes for conditioning time. The optimal 

conditions for laboratory froth flotation provided a sunken product with an iron oxide grade of 147 

ppm whereas the better result achieved with a traditional collector had an iron oxide grade of 119 

ppm. 
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1. Introduction 

 

Glass sand has usually a large percentage of silica (SiO2), the desired mineral and usually 

other oxides, such as aluminium, iron and titanium oxides, commonly considered as 

contaminants, with limited grade on the final product to meet client specifications. The emphasis 

here is the removal of iron (III) oxide (Fe2O3). The smelting of a glass sand with high iron oxide 

grade produce nonhomogeneous glass with visual and physical deficiencies (Chammas. E et al, 

2001). Hematite removal is then of maximum importance for the glass sand producer.  

 Glass sand producers often remove iron oxide contaminants recurring to spirals or, if very 

low iron oxide grade is required, with reverse froth flotation (Chammas. E et al, 2001). The present 

work was carried out with a sample from an industrial sand processing facility, for confidentiality 

issues, it will be referred further on as “case study”. In this “case study” the final product could not 

have more than 130 ppm of iron oxide in the sand.  

 Froth flotation processing method relies on different physical and chemical properties of 

particles and particle surfaces in interphases with water and air. The physical separation of 

particles occurs due to molecular, interatomic and gravity forces between the particle surface and 

the surrounding environment, with the addition of chemicals to confer floatability to particles with 

certain surface characteristics (Kelly & Spottiswood, 1982). 

Usually chemical reagents, such as collectors, frothers and modifiers, are added to the 

pulp to create an environment capable of separating two different minerals or groups of minerals. 

The froth flotation process may concentrate directly the desired species, by making them float, or 

reversely, where the non-desired mineral species float being removed with the froth. 

  A first stage of flotation requires that collectors and modifiers are able to interact with the 

mineral particles in the pulp with no air flow added, to prevent any flotation, it is called conditioning 

time. After conditioning, the flotation begins, usually with the addition of frother and air. The 

particle surface selectively modified by the collector will be rendered hydrophobic and by making 

contact with an air bubble the particle will be carried to the pulp surface once their weight is won. 

The frother is added to reduce air/water superficial tension, strengthening the air bubbles and 

easing the floated particles to remain in the froth, where they can be paddled out. 

 The concern with sustainability and social welfare as well as high process efficiency 

reflects on the regular testing of greener and more efficient processing techniques and chemicals 

created the partnership of the “case study” company with the IST-ID in the CELMIN project. This 

study was born form this partnership with the goal to study better alternatives, in this case, 

regarding a greener collector with low environmental impact for iron oxide removal, a 

Nanofibrillated Celluloses (NFC) based collector produced by a project partner, Department of 

Fibre & Particle Engineering of Oulo University.  
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 The work developed at the company facility was to find out the ability of this new reagent 

in order to substitute traditional, more pollutant, collectors of iron oxide minerals present in sands. 

For that a comprehensive set of batch flotation tests were executed and the results evaluated and 

described in the present document. 

 

2. Materials and methods 
 

Dredged sand is screened with the underflow, below 1,6 mm, feeding a hidrocyclone that 

separates sand from kaolin clay. The sand is subject to an attrition process and further hydro 

classified removing remaining kaolin residues and very fine sands (< 90 µm) in the overflow. The 

overflow is treated in a separate circuit. The underflow is further hydro classified to separate 

coarse sand and fine sand with average particle sizes of 470 µm and 360 µm, respectively. 

Both product flows of a second hydro classification suffer a gravity separation process 

through spirals, which reduces the grade of impurities to half, mainly heavy minerals. The spiralled 

and purified sand then feeds a froth flotation circuit (Figure 2).   

 

The glass sand that feeds the “case study” industrial flotation circuit was sampled before 

entering the froth flotation circuit conditioning tanks and stored in moist conditions to be used in 

the laboratory trials. The sand main constituent mineral is silica with the main gangue minerals 

being iron oxide, alumina, titanium, potassium and calcium oxides. 

The gangue mineral composition of the laboratory flotation feed was obtained using XRF 

(X-Ray Fluorescence Spectrometer) and is plotted versus the mean composition of industrial 

flotation feed, obtained by the same analytical method in Figure 2. It is to say that the silica grade 

is 99,64% and 99,43% in laboratory feed and industrial feed respectively. 

Figure 1 - Studied industrial reverse froth flotation flowsheet. 

Sampling 
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The tests were carried out with the finer fraction of glass sand produced on the processing 

facility. The particle size distribution was made using a set of nine sieves revealing that the main 

two fractions (85,7%) are composed by particles between 500 and 250 µm has shown in Figure 

3. Theoretically 80% of the particles are smaller than 452 µm (P80% = 452 µm) and around 13% of 

the material is under 250 µm. The moist sand samples were drained remaining with about 20% 

water.   

 

3.  Industrial and laboratory froth flotation on sand 
 

Silica sand processing has varying degrees of complexity depending on the raw material 

and their final application. It is aimed at improving both the physical and chemical properties of 
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Figure 3 - Particle size distribution for laboratory flotation feed. Retained weight % and cumulative passing %. 
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the sand to meet the user specifications. For the production of colourless glass sand processing 

is needed to remove contaminating impurities such as mica, feldspar or iron bearing minerals, 

froth flotation and gravity separation using spiral classifiers are used. 

Flotation circuits are often used in industrial sand processing facilities, especially if the 

desired product is highly purified silica. A reverse froth flotation process is often implemented to 

deal with some of the main contaminants, like iron bearing minerals and other heavy minerals. 

The laboratory batch flotation trials intended to simulate the “case study” industrial 

processing facilities testing three anionic oxyhydryl carboxylate collectors, the traditional used in 

the processing plant and a novel “green” collector, a nanofibrillated cellulose (NFC) incorporated 

with amine groups was created at Oulu University in the Fibre and Particle Engineering 

laboratories tested to understand its ability to replace the traditional collectors in the industrial 

glass sand industry.  

 Due to confidentiality issues, the oxyhydryl carboxylate collectors used in the laboratory 

trials are codenamed as Trad, from traditional. Although they can be catalogued as carboxylates, 

their composition and aspect vary. A previously studied and optimized collector, Trad 1, a similar 

collector Trad 2 and the more thoroughly studied traditional collector was codenamed Trad3.  

 

4.  Experimental procedure  
 

All batch experiments were carried out in a Denver D12 laboratorial flotation machine with 

3 L capacity and 1800 grams of moist sample, with 65% solid percentage and 35% solid 

percentage at conditioning and flotation stage respectively, with natural air suction and manual 

regulation of impeller rotation speed from 1000 to 2500 rpm.  

 The three traditionally used collectors were tested to different extents changing one 

variable at a time (OVAT). One of them, had been optimized for this same sand feed in laboratory 

batch trials and an optimal concentration of 268 g/t was found to be optimal for the removal of 

iron oxides (Alonso, 2014). The other two traditional collectors were tested more thoroughly with 

a difference, Trad 2 had historic records of use in the processing plant within a range of 

concentrations and Trad 3 had never been used with this sand feed so the range of concentrations 

tested was wider. These tests were planned to understand which variables and their ranges, 

collector concentration (g/t), frothing agent concentration (g/t) and pulp pH, performed better in 

reducing the iron oxide grade in the sunken product.  

The first preliminary tests carried out with the NFC collector were made to define the 

better concentration of frother Teepol and pH level. The results of these preliminary tests would 

then be used to define the range of NFC concentration in another set of preliminary trials in batch 

flotation. 
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The preliminary tests helped understand that the NFC collector concentration and the pH 

had the biggest impact in the batch flotation results regarding the iron oxide grade in sunken 

product. These results helped in the construction of a second phase, where a three-level full 

factorial composite Design of Experiments (DOE) was made to understand the impact of changing 

three variables, the collector concentration, the pH of the pulp and the conditioning time through 

a factorial plane of experiments to model the behaviour of the reverse flotation with the NFC. 

            A three-level full factorial experiment was designed and a response surface methodology 

where 27 experiments were defined by the design matrix and performed with 5 additional 

replicates of the centre point. The results were evaluated in terms of iron oxide grade in sunken 

product (iron oxide grade), iron oxide recovery in the floated product (iron oxide recovery) and 

weight recovery (Wr%). These response variables were modelled and subjected to a statistical 

analysis. The models of the iron oxide grade in the sunken product and the iron oxide recovery 

on the floated product were created and used to determine the operating parameters to achieve 

an optimal point. 

Table 1 - 3 level full factorial Design of Experiments. 

 

         The empirical models were fitted and used to optimize the reverse froth flotation 

performance by determining the optimal settings for the three operating parameters. The optimal 

point was set as the minimum iron oxide grade combined with a maximum iron oxide recovery. 
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5. Results and Discussion 
 

The OVAT approach made with the three traditional collectors revealed that the most 

influent operating parameters to achieve a minimal iron oxide grade in the sunken product were 

the type and concentration of the collector and the pH of the pulp. 

The best results achieved for each collector are plotted in Figure 4, with Trad 1 collector 

reaching a minimum of 115 ppm of iron oxide grade in the sunken product while Trad 2 and Trad 

3 reached 119 ppm and 120 ppm of iron oxide grade in the sunken product, respectively.  

 

Figure 4 - Best results achieved with each traditional collector. pH of 7 and conditioning time of 5 minutes 
were used. 

The NFC collector first OVAT approach defined that a frother concentration of 1,5 g/t were 

to be used henceforth (Figure 5) either being Teepol or MIBC (Methyl Isobutyl Carbinol). Using a 

pH of 7 and the above mentioned frother concentration a wide spectrum of collector concentration 

was tested to acquire some knowledge about the collector working range as seen on Figure 6 

revealing that NFC concentrations in the pulp of 10 g/t were too low and 200 g/t were too high to 

selectively float iron oxide particles. 

  

Figure 5 - iron oxide grade in the sunken product using 61 g/t of NFC collector concentration for different 
pH and frother concentration. 
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The results obtained in the 32 experiments are shown at Table 2. The three-level full 

factorial design required 27 points plus a centre point (with 5 replicates). The results of 

experiments provided  a narrow range of iron oxide grade, maximum 170 ppm and minimum 146 

ppm, and iron oxide recovery, maximum 38,8% and minimum of 27,4%. The weight recovery had 

wider values with a maximum of 4,3 % and a minimum of 0,002%. 

Table 2 - Variable factors and related responses for each trial of the design of experiments. 

 

By modelling the iron oxide recovery in the floated product and the iron oxide grade in the 

sunken product, a numeric optimization was made using the Design-Expert 9 software to 

maximize recovery in the floated product and minimize the iron oxide grade in the sunken product, 

achieving an optimal set of variable factors (Table 3). 
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Table 3 - Best solution for process optimization. 

 

  

 

6. Conclusions 
 

The work developed from March to May, 2015 in the company’s facility had the objective 

of testing three different “non-green” collectors, traditionally used for removing iron oxide and 

other heavy minerals from glass sand through reverse froth flotation. This created a comparison 

point for a novel “green collector which was tested through batch laboratory froth flotation with 

the same sand feed for the first time. 

The froth flotation laboratory results of both traditional collectors and “green” NFC 

collector provided new insight on the reverse flotation of “glass sand” to remove iron oxide and 

other heavy minerals which would otherwise contaminate the final product, decreasing its 

economic value.  

The company has the aim for continuous improvement of processes and the 

environmental awareness justified completely the laboratory work by considering alternatives in 

the form of other traditional collectors than the currently used and regarding the environmental 

concern, a novel Nanofibrillated n-butylamine Celluloses (NFC) as an alternative to traditional 

collectors that can consume great part of the oxygen in the industrial effluent waters.  

The traditional collectors were tested using an OVAT approach, concluding that the 

collector with better performances was the codenamed Trad1, which was previously optimized 

for a similar sand feed (Alonso, 2014), followed by the Trad2 and finally the Trad3.  

The “green” collector provided worst results than the traditional ones with difficulties 

reaching iron oxide grades lower than 150 ppm in the glass sand. Once the specifications for the 

finest quality glass sand processed in the facilities has an iron oxide grade lower than 130 ppm 

the NFC collector is not effective.  
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