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Abstract: 

A series of carboxymethyl starch (CMS), with various degrees of substitution (DS) from 0.1 to 

0.79, were synthesized and selected as a model to study the feasibility of the application of natural 

polymers as flocculants for oil sands tailings treatment. The flocculation performance of the 

modified starch (CMS) in kaolin clay suspensions and oil sand tailing was evaluated in terms of 

settling rate, solid content, capillary suction time (CST), and specific resistance to filtration (SRF) 

of the sediment phase. It was found that the synthesized CMS effectively accelerated settling of 

Kaolin suspensions and oil sand fine tailings, which demonstrated the feasibility.  
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INTRODUCTION  

The efficient and effective management of large volumes of high-water-content tailings from 

extraction processes are becoming critical challenges for the continued expansion of vast oil 

sands resources. In the past few decades, several major technologies such as 

composite/consolidated tailings, thickened tailings (paste technology), inline thickening with 

thin lift, and centrifugation, etc. have been developed to speed up the settling of fine tailings. 

[1] Thickened tailings prior to disposal is one of the efficient ways for separating solids from 

liquid, reducing the volume required for tailings storage and allowing water recycling. This 

thickening process is facilitated with the addition of chemicals, usually flocculants, to increase 

the settling rate of suspended fine minerals. Currently, one of the most effective flocculants for 

flocculation of fine tailings is synthetic polyacrylamide-based polymer or copolymer. [2-3] For 

example, Percol 727 (also known as Magnafloc 1011), an anionic polyacrylamide with high 

molecular weight and medium charge, was reported to be one of the most efficient flocculants 

for fine tailings. [4]  Magnafloc 1011 produces fast settling flocs at relatively low dosages and a 

turbid supernatant containing about 1.5 wt% solids. However, there is an increasing concern 

on the residual monomer acrylamide, which polyacrylamide is made from, partially remains in 

the polymer as the monomer has been proven to be carcinogenic. In fact, the maximum amount 

of residual acrylamide in drinking water has been strictly limited to 0.5 µg/L (ppb level).  

Recently, more concerns about the degradation of polyacrylamide under certain conditions to 

release acrylamide have been raised.[5-6] Therefore, natural organic flocculants have emerged 

as promising alternative materials to replace conventional flocculants due to higher demand for 

environmentally friendly materials in treating industrial effluents since they are safe and 

biodegradable, fairly shear stable, easily available from reproducible agricultural resources, and 

do not result in secondary pollution.[7-11] 

Natural polymers such as starch, polysaccharide and chitosan have been developed as 

flocculants in industrial dewatering processes. [12-20] Natural polymer modification is one of the 

most effective strategies to improve the physical and chemical properties of the polymer. 

Recently, modified starches have attracted more attention since they have been demonstrated 

to be efficient in flocculation of kaolin suspension in labs. For example, a series of highly 

substituted carboxymethyl starch (CMS) were prepared and evaluated by Spychaj’s group. 
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They found CMS worked as good flocculants for Kaolin clay suspensions. Pang et al. reported 

that the cationic modified starch has the similar capacity to polyacrylamide in 0.25 % (w/v) 

kaolin suspensions. [21] The polymer grafted starch synthesized by J. Wang gave higher 

flocculation performance in Kaolin suspension than PAM under very alkaline conditions (e.g., 

at pH 10.0). [22] However, very limited amount of information is currently available on the 

application of starch as “green flocculants” in dewatering oil sands tailings. For this reason, we 

conducted the present research work to explore potential application of modified starch as 

flocculants in oil sands tailings treatment.  

Carboxymethyl starch (CMS) is one of the simplest modified anionic starches with similar 

functional group as Magnafloc 1011 and commercially available. Therefore, it was selected as 

a model for natural polymers as flocculants for oil sands tailings. In this note, a series of 

carboxymethyl starch (CMS), with various degrees of substitution (DS) from 0.1 to 0.79, were 

synthesized and their flocculation performances were measured in Kaolin suspension and oil 

sand flotation tailings. The following parameters were used to evaluate the flocculation 

performance: settling rate, solid content, capillary suction time (CST), and specific resistance 

to filtration (SRF) of the sediment phase. The evaluation of the flocculation performance of 

natural polymers in real tailings could provide oil sand industries with some valuable scientific 

insights, not only into the challenges that current modified natural polymer have to face but 

also into chemical structure design of “green flocculates”. 

SYNTHESIS OF CARBOXYMETHYL STARCH (CMS) 

Starch, sodium monochloroacetate (SMCA), glycidyltrimethylammonium chloride (2,3-

epoxypropyltrimethylammonium chloride) were purchased from Sigma-Aldrich. All the 

reagents were used directly without further purification.  

Starch was etherified in mixed solvents in a one-step process. 13.7g sodium monochloroacetate 

(SMCA) was dissolved in 120 mL of mixed solvents in a reactor, and then 10 ml of 30 wt% 

NaOH solution was added to the mixture. After homogenization and the mixture had become 

white in color, 9.5g of starch was introduced. The reaction was performed for 2.5h at 50°C. The 

product was then filtered and washed with 80 % ethanol solution until the washed liquid was 

neutral. The product was finally washed with pure ethanol and dried in an oven at 50ºC for 10 

hours. Total yield can reach 90 %. 
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The back-titration method was applied to determine the degree of substitution (DS) of CMS. The 

sodium salt of the polymer was converted to the free acid form. Subsequently, aqueous NaOH was 

added to a known amount of the free acid form leading to the sodium carboxylate. The excess of 

NaOH was back titrated permitting to calculate the DS using Equation 1. 

                 DS = ͳ͸ʹ × nCOOHMDS − ͷ8 × nCOOH 

 

 

 MDS = ͳ −WwaterͳͲͲ ×MS (Equation 1) 

 

where DS is degree of substitution;162 is the molar mass of AGU (g/mol); nCOOH (mol) 

represents the amount of COOH; MDS (g) is the mass of dry sample; MS (g) is sample mass; and 

Wwater (%) is water content. 

 

Different solvents (ethanol (EtOH), isopropanol (IPA), and the mixture) were utilized to obtain 

CMS with various degrees of substitution (DS). The DS of the sample prepared in EtOH is 0.11 

(Table 1). With increasing the ratio of IPA/EtOH in the mixed solvents from 3:7 to 7:3, DS 

increases from 0.37 to 0.79, implying that IPA leads to a higher DS because of the better selectivity 

for etherification of starch. Jie et al. also reported that organic solvents strongly affected the 

reaction efficiency and 2-propanol was better solvent than methanol and ethanol for the 

carboxymethylation process of cassava starch. [23]   

Table 1 Summary of CMS characterization and flocculation performance 

Samples Reaction Solvents DS Settling Rate (m/h)* 

Starch N/A 0 0.9 

CMS#1 EtOH 0.11 3.5 

CMS#2 IPA/EtOH 

7:3 (wt%) 

0.79 5.2 

CMS#3 IPA/EtOH 

3:7 (wt%) 

0.37 3.8 

*: Settling rate obtained at dosage 40 ppm 
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FLOCCULATION PERFORMANCE IN KAOLIN SUSPENSION and OIL SAND 

TAILINGS 

Polyacrylamide (PAM) was supplied by BASF. Kaolin clay was obtained from Greenbarn 

Potters Supply Ltd. The particle size distribution (PSD) of the clay measured by Sedigraphy 

method is displayed in Figure 1. Oil sand tailings (cyclone overflow) collected from commercial 

oil sand operation in Northern Alberta had a sand (>44µm) to fines (<44 µm) ratio 0.48 and the 

PSD of the fines was also measured by Sedigraphs method and reported in Figure 1.  

As the most extensively used flocculant for wastewater treatment, PAM (with a MW 5×106) was 

selected as a control to evaluate the flocculation performance of CMS in our study. Flocculation 

performance of starch, PAM, and CMS were evaluated in 5.0 wt% of kaolin suspensions and oil 

sand tailings containing 5.5 wt% solids using the cylinder settling tests procedure reported by Xu 

and Cymerman. [4]    . Briefly, the settling of flocculated clay suspension or tailings in a 500-mL 

cylinder was monitored for 60 min and the times for the interface crossing different heights were 

recorded. After 5 minutes settling, a sample of the supernatant was collected for the solids content 

measurements.  At 60 min, the final interface height was recorded and the supernatant was 

decanted. The underflow sediment was collected for measurement of solids content, specific 

resistance to filtration (SRF), and capillary suction time (CST). The interface heights were plotted 

against the settling time to give a settling curve and the initial linear part of the settling curve was 

used to calculate the initial settling rate.  

SRF of the sediment was determined with a pressure filtration apparatus supplied by Micro 

Filtration Systems using the procedure as reported by Xu and Cymerman. [4]  Briefly, for each 

pressure filtration test the mass of filtrate was recorded in  3 s interval for 60 min. A graph of 

time/volume versus volume was plotted and the slope of the graph was used to calculate the 

specific resistance to filtration by the following equation:  

 

 (Equation 2) 

 

c
bA2p

=SRF
2
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where p is pressure in Pa, A is area of filtration in cm2, b is slope of time/volume versus volume in 

s/mL2, c is solids concentration of tailings in g/mL of filtrate, µ is viscosity of filtrate in Pa.s, and 

SRF is in units of cm/g.  

CST measurements were performed using a Triton TW166 CST apparatus and the procedure as 

described by Xu and Cymerman [4].  Both SRF and CST are indicative parameters of the 

filterability of the flocculated sediments. 

 

 

Figure 1 Particle size distribution of kaolin clay and fine tailings solids 

 

The flocculation tests using starch, PAM, and CMS were conducted in 5 % kaolin suspensions 

without pH adjustment. Non-ionic PAM (with a MW 5×106) was selected as a control to evaluate 

the flocculation performance of CMS. Figure 2a shows the settling rate of CMS (DS 0.79) as a 

function of dosage in kaolin suspension. The settling rate is defined as the descending velocity of 

the upper interface, which is estimated from the slope of the initial straight-line portion of the plot 

of interface height versus settling time. [4,24] It was found that the un-flocculated kaolin (i.e. 0 ppm 
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polymer dosage) gave a slow initial settling rate of 0.87 m/h. When CMS was added to the 

suspension the settling rate increased to 2 m/h and 6 m/h with the dosage of 10ppm and 60ppm, 

respectively. The settling rate then reached a plateau of 7 m/h with further increase in dosages to 

80 ppm and 120 ppm, indicating that the dosage had a direct effect on the degree of flocculation 

achieved. [25] Hogg suggested that the optimum flocculation occurs when half the area of the solid 

is covered with the polymer. [26] Therefore, at lower dosages (eg.10ppm, 20ppm), the relative 

inferior flocculation performance is probably due to the insufficient number of CMS for bridging 

clay particles to form flocs. With increasing dosages, the settling rate increased to 6 m/h since more 

clay particles bridge together to form flocs. When CMS provided adequate bridging links between 

particles to form flocs, it reached its optimum dosage with the best settling rate (7 m/h). However, 

beyond the dosage of 80 ppm, there was no significant improvement in settling rates. It can be 

explained that the clay particles were almost completely covered by the adsorbed polymer layer 

and bridging became negligible with an excessive CMS dosage, resulting in re-dispersal of the 

flocs due to the steric or electrostatic repulsions of the adsorbed polymers. The maximum settling 

rate of CMS (0.79) was 7 m/h, which is relatively comparable to 10 m/h for PAM with a dosage 

of 8 ppm.   

The settling rates of CMS (DS 0.11 and 0.39) at the dose of 40 ppm in Kaolin suspension were 

presented in Table 1. Compared to CMS (0.79), the settling rates for these two samples were 

slightly lower, indicating the dependence of the flocculation performance of CMS on the number 

of the acidic groups bearing on starch: higher DS gave better flocculation performance. Therefore, 

CMS (0.79) was selected for the further test. 

Figure 2b shows the solids content in sediment as a function of dosage of modified starch for 

Kaolin clay. The solids content obtained using CMS in Kaolin clay decreased by 4 % with 

increasing dosage from 20ppm to 100ppm, suggesting that the dosage of CMS does not have a 

significant impact on solids content of the sediment. The maximum solid content for CMS was 

36 %, compared to 36.9 % for commercial PAM, indicating CMS gave a similar settling and 

compaction performance to PAM for Kaolin clay. In addition to the settling rate, the dewatering 

ability of the sediment obtained from flocculation using the modified starch was evaluated in terms 

of specific resistance to filtration (SRF) and capillary suction time (CST). Specific resistance to 

filtration is widely used to evaluate the dewatering ability of the sludge, and smaller SRF value 
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indicated better performance of sludge dewatering. The effect of the dosage of modified starch on 

SRF for Kaolin clay suspension is shown in Figure 2c. It was found that the un-flocculated kaolin 

(i.e. 0 ppm polymer dosage) showed a high SRF of 5.8×1011 g/cm. When CMS was added to the 

suspension the SRF of the sediment phase decreased to 4.7×1011 g/cm with the dosage of 20ppm. 

With increasing the dosage from 20ppm to 100ppm, the SRF decreased by 25 %. The minimum 

SRF value of the sediment phase was 3.5×1011 g/cm, obtained using CMS (0.79) at a dosage of 

100ppm, which was comparable to that for commercial PAM (3.9×1011 g/cm).  Capillary suction 

time, which is an empirical measure of the resistance offered by the sludge to the withdrawal of 

water, is another good index for determining sludge dewaterability. Lower CST value means 

higher dewatering rate. Figure 2d compares the CST values between CMS and commercial PAM 

in Kaolin clay. It was observed that the un-flocculated kaolin gave a high CST of 113s and then 

the CST value decreased to 97s and 42s with the addition of 20ppm and 100 ppm CMS, 

respectively. The difference between CST value for CMS at a dosage of 50ppm and PAM at 10ppm 

was less than 12s, implying that the Kaolin clay sediment flocculated by CMS had similar 

filterability as that by PAM.   

The effectiveness of flocculation of oil sand tailings using CMS was further evaluated, since CMS 

showed promising flocculation performance in Kaolin clay suspension. The flocculation tests 

using CMS (0.79) were conducted on oil sand fine tailings (flotation overflow) that were collected 

from commercial operation of mined oil sand. Tailings are mixtures of different size fractions such 

as sand, silt, and clay. The tailings used in this work contained 5.5 wt% mineral solids that had a 

sand-to-fines ratio of 0.48. In other words, the solids in the tailings contained about 67 wt% of 

fines (<44 µm in size) and 33 wt% of sand (>44 µm in size). The particle size distribution is shown 

in Figure 1.  Figure 3a presents the settling rates of CMS in oil sand tailings with various dosages. 

It was found that the settling rate of CMS increased from 2.6 m/h to 6.3 m/h with increasing 

dosages from 50ppm to 200ppm, which can almost be compared to commercial PAM with a 

dosage of 50 ppm (6.8 m/h). Figure 3b shows the solids content in sediment (1h settling in cylinder) 

as a function of dosage of modified starch. CMS gave comparable or better settling and compaction 

performance than PAM in the dosage range of 50 ppm to 75ppm. For example, the solids content 

in sediment for CMS dosage of 50ppm reached 46.9 wt%, higher than that for PAM in the same 

dosage. Figure 3c shows SRF values of the sediment as a function of dosage of CMS. The similar 

trends can be observed to that in Kaolin suspension: the SRF of the sediment decreased with 
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increasing polymer dosage. For example, the SRF decreased by 38 % when the dosage increased 

from 50 ppm to 100ppm. The minimum SRF value of the sediment using CMS was 3.0×1012 g/cm, 

similar to that using PAM at the dosage of 50 ppm (3.1×1012 g/cm). Furthermore, Figure 3d 

compares CST values of the sediment between CMS and commercial PAM. The CST value 

decreased from 138s to 67s when CMS dosage changed from 50 ppm to 100ppm. The CST value 

of CMS-treated sediment at a dosage of 100 ppm was 7s shorter than that of PAM at a dosage of 

50 ppm. The results indicated that CMS gave similar filterability as PAM for tailings sediment, 

further confirming the results obtained from SRF measurement.   

It should be emphasized that although the flocculation performance of CMS in terms of settling 

rate is lower and the required dosage is higher than the commercial flocculants, the cost of CMS 

is much lower too, thus making CMS as potentially economically competitive flocculants without 

secondary pollution. Nevertheless, in this work we explored the possibility of applying the natural 

product based flocculants to treat oil sand tailings. The lab-scale tests demonstrated the feasibility. 

However, it is expected that there will be challenges for the large-scale application of CMS in oil 

sand tailing treatment. Based on our test results, it can be foreseen that employing or synthesizing 

new types of natural polymers with superior water solubility, high molecular weight, and great 

chain linearity to replace the potato starch could be the effective strategy for improving the settling 

rate of tailings.  

CONCLUSION 

The starch was successfully modified by introducing anionic carboxymethyl functional groups. 

The application of the modified starch (CMS) in flocculation of kaolin clay suspensions and oil 

sand tailing was investigated and compared with the commercial polyacrylamide-based flocculants. 

It was found that the synthesized CMS effectively accelerated settling of Kaolin suspensions and 

oil sand fine tailings. The settling rate increased with increasing in dosage until it reached a plateau 

at very high dosage. Compared to polyacrylamide, the required dose of CMS was 2 to 6 times 

higher than PAM in order to reach the same settling rate. However, the sediment phase obtained 

from CMS flocculation had similar solids content and similar dewatering properties as that from 

polyacryalmide in terms of specific resistance to filtration (SRF) and capillary suction time.  The 

results opened an avenue to apply green flocculants in oil sand tailing treatment. The pilot scale 

evaluation is under planning in the near future. 
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Figure 2 The effects of CMS (DS 0.79) dosage on (a) settling rate (b) solids content in sediment 

(c) specific resistance to filtration (SRF) (d) capillary suction time (CST) for Kaolin clay 

suspension.  
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Figure 3 The effects of CMS (DS 0.79) dosage on (a) settling rate (b) solids content in sediment 

(c) specific resistance to filtration (SRF)  (d) capillary suction time (CST) for tailings. 
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