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ABSTRACT

Flotation deinking is the common method used to remove ink from paper in paper recycling processes, the fundamental mechanisms of flotation deinking have not been well understood. This work was focused on the mechanism of “collector chemistry” in flotation deinking by investigating the adsorption isotherms of surfactants (sodium octanoate, C8, and sodium dodecyl sulfate, SDS) and calcium ion, as well as coadsorption of both species on model ink (carbon black) and model fiber (common office paper). The zeta potential of both model ink and model fiber was measured in order to facilitate the understanding in the adsorption mechanism of collector chemistry. The results indicated that the carbon black and paper fiber have the same loading of adsorbate and the adsorption of surfactants and calcium on both surfaces was cooperative adsorption. The addition of calcium concentration enhanced the surfactant adsorption on carbon black and further decreased the absolute magnitude of zeta potential. Moreover, the specific interactions between the carboxylate and the paper fiber resulted in decreasing calcium adsorption with increasing C8 adsorption and diminishing zeta potential.

INTRODUCTION

Deinking is the process that removes ink and other particulate from waste paper.  Currently there are two main deinking techniques; washing deinking and flotation deinking [
].  Prior to the ink removal, used paper is first shredded in a pulper, then the particulate material in the shredded paper is screened out.  In washing deinking, the small ink particles can be effectively dispersed by adding dispersants.  The water containing suspending ink is then drained out and fresh water is added.  For effective ink removal, this process is repeated for a few more times.

In flotation deinking, the ink is separated from the fibers by froth flotation.  Air is rapidly bubbled through the pulp slurry in the presence of various additives that promoted foam formation and the attachment of ink particles to the bubble surfaces. The ink particles attached to the bubbles then rise together to the top of the aqueous pulp slurry and form a froth layer at the surface.  This froth layer may be removed by flowing over the top of the flotation unit or scraping off from the surface of the pulp slurry.  Flotation deinking process is mainly effective in removing hydrophobic inks with particle size larger than about 10 m [
].  

The additive used in flotation deinking processes are generally surfactants or fatty acids combined with collector ions e.g. calcium ion that acts as an activator.  The use of additives in these processes intended to agglomerate the ink particles and improved attachment to air bubble to increase removal efficiency in flotation cell that is often referred to as “collector chemistry” [
]. 

However, the fundamental mechanisms in flotation deinking have not been well understood, particularly the exact mechanism of the interaction of the surfactant, calcium, ink, fiber and air bubbles.  This thesis will be focused on the mechanism of “collector chemistry” by investigating the adsorption isotherms of surfactant (Sodium octanoate, C8) and calcium ion, as well as co-adsorption of both species on model ink (carbon black) and model fiber (common office paper).   The zeta potential of both model ink and model fiber will be measured in order to facilitate the understanding in the adsorption mechanism of collector chemistry.

EXPERIMENTAL

A. Materials
Carbon Black
The carbon black (type 400 R) used in this study was manufactured by Carbot Corporation.  The carbon black was necessarily washed in order to remove the ionic salts.  The carbon black was mixed with distilled or deionized water in the ratio of 1 to 4 and agitated thoroughly.  After that the mixture was centrifuged at 2500 rpm for 15 minutes, and water was decanted off.  This procedure was repeated 4 times which were sufficient to reduce the calcium concentration in the rinse water to less than 0.15 ppm.  Finally the washed carbon black was dried at 50(C for 5 days.  The surface area of the washed carbon black determined by BET surface area was 96 m2/g. 

Paper Fiber

Fiber paper was prepared by pulping common office paper (Xerox A4 80 GSM) at 5% consistency at 3,000 rpm in disintegrate machine.  The pulp slurry was then washed over a filter funnel number 0 (nominal maximum pore size of 160 – 250 M) to remove extraneous ions especially Ca2+.  Water from pulp slurry was collected and concentration of Ca2+ was detected by Atomic Absorption Spectrophotometer (AAS Varian 300).  Washing was continued until concentration of Ca2+was less than 0.1 ppm.  Pulp slurry was then pressed to remove excess water and was dried at 50(C for 2 days. 

Surfactants

Sodium octanoate (C8, C8H15O2Na) and Sodium dodoecyl sulfate (SDS, C12H25SO4Na) with a purity of 99% were purchased from Sigma Chemical Company (St. Louis, MO) and used without further purification.

Calcium Chloride as Counterion
The reagent grade calcium chloride dihydrate (CaCl2.2H2O) obtained from Fluka Co., Ltd. (Switzerland) was used in the study.  Due to the chemical hygroscopic nature, it was necessary to dry at 90 OC for 12 hours just prior to manufacturing the stock solution.

pH Adjustment Solution

Sodium hydroxide (NaOH) manufactured by J.T. Baker Chemicals B.V. (Deventer, Holland) was used for adjusting pH. 

B. Adsorption Isotherm Experiment

Adsorption isotherms were obtained at 30(C using solution depletion method: 2.5 g of washed carbon black was mixed with 20 ml of stock solution and 1.0 g of dry paper fiber was mixed with 25 ml of stock solution in the vial with screw cap.  Then the condition was adjusted to pH of alkaline by NaOH. It was held until reaching equilibrium for 4 days in water bath shaker. After that it was centrifuged at 2500 rpm for 15 minutes. The surfactant and calcium concentration in supernatant liquid was analyzed after decanting off and filtering by 0.22 M cellulose acetate filter membrane. C8 concentrations were determined by Total Organic Carbon or TOC (model 5000A). The calcium concentrations were analyzed by Atomic Absorption Spectrophotometer (AAS varian 300).

C. Zeta Potential Experiment

Zeta Potential was determined by using Zeta Meter Model 3.0+. 1.5 mg of carbon black was mixed with 40 ml of stock solution and 0.1 g of dry paper fiber was mixed with 40 ml of stock solution.  After that pH was adjusted to alkaline by NaOH and the system was allowed to equilibrate in a water bath shaker at 30(C for a day. The sample was placed in electrophoresis cell. Electrodes placed at each end of the cell are connected to a power supply, which creates an electric field, causing the charged colloid to move. Individual particles are tracked as they travel under a grid in the eyepiece of the microscope. All of experiments were controlled at constant temperature (30(C).

RESULTS AND DISCUSSION

In all experiments the concentrations of surfactants and calcium ions were controlled so that there was no precipitation of calcium disurfactant occurred.  Knowledge of the solubility product constant (Ksp) values allowed experimental conditions to be defined to insure that precipitation did not occur in the adsorption experiments.  For systems consisting of divalent cation such as Ca2+ and a monovalent anionic surfactant, the concentration-based solubility product constant (Ksp) is defined as follows:

Ksp  =  [Ca2+] [surfactant]2                                      (1)

where the bracketed values represent the concentration of species in a solution at equilibrium with the calcium disurfactant precipitation.  The concentration-based Ksp value of the calcium dicarboxylate species of C8 were determined to be 1.5x10-6 M3 [
].  The concentration-based Ksp of calcium didodecyl sulfate was 6.0x10-6 M3
 [4] and the activity-based Ksp was 5.02x10-10 M3 [5].  The experiments were carried out at 30(C and the pH was fixed at value of 9.
Surfactant Adsorption Isotherms

The adsorption isotherm of C8 and SDS on carbon black were determined as a function of both surfactant and calcium concentrations. Figure 1 illustrates the adsorption of C8 and SDS on washed carbon.  Due to the larger hydrophobic group having greater attraction to the carbon surface though hydrophobic bonding, the SDS has a greater affinity for the carbon than does the C8.  The adsorption of C8 on the carbon black in Region I was not observed because the C8 concentrations were too low and the carbon black could contaminate in the equilibrium C8 concentration, which was detected by TOC.  The orientation of the C8 molecules initially may be parallel to the carbon surfaces or slightly tilted or L-shaped, with the hydrophobic group close to the surface and the hydrophilic group oriented toward the aqueous phase.  As adsorption continues, the adsorbed molecules may become oriented more and more perpendicular to the surface with hydrophilic heads oriented toward the aqueous solution [
]. However, the adsorption was nearly constant above the CMC, 350000 M as reported by Mukerjee and Mysel [
].  The maximum adsorption of C8 on the carbon black was approximately 7.1 mole/m2.


Results of SDS adsorption isotherms on carbon black are different from typical adsorption isotherms which are observable the four distinct regions.  At small equilibrium SDS concentration, the isotherm shape was similar to Langmuir-type isotherm.  The slope of isotherm is linear.  It is expected that the monomeric surfactants adsorb on the surface without significant association or aggregation of adsorbed surfactants.  The horizontal or laying-down configuration of adsorbed surfactants is possible to occur, and the interaction of adsorbed surfactants may be hydrophobic chain/surface interaction.  The adsorption of surfactants in this orientation may remain until complete monolayer coverage.  Beyond this stage, the slope of isotherm is steep again as surfactant concentration increased until the marked inflection point occurred.  The adsorption of surfactants may be more close packing, and the interaction of adsorbed surfactants may be hydrophobic chain/chain interaction.  However, from log-log adsorption isotherm, the slope of such area is not greater than unity.  It may be indicated that the adsorption of SDS on carbon black is mainly unassociative or at least not strongly associative.  The plateau or maximum adsorption of SDS is approximately 2.06 mole/m2 and occurs near CMC of SDS, 8300 M [7].

.  
The theoretical maximum adsorption corresponding to saturation of the entire surface by either monolayer or bilayer can be calculated from the area of single adsorbed surfactant molecule.  Adamson [
] reports an area of 20.5 Å2 for a carboxylate molecule adsorbed in close-packed perpendicular orientation on surfaces such as carbon black while Rosen [6] suggests 50 å2 as the coverage area of the sulfate.  Using this value, monolayer coverage would require 8.1 mole/m2 of the carboxylate and 3.13 mole/m2 for the sulfate.  Bilayer coverage would result in the doubling of these values.  The maximum adsorption of C8 and SDS on carbon black from the experiments corresponded to 87.7% and 65.73% of monolayer coverage, respectively.


Figure 2 shows a comparison of the C8 adsorption isotherms on both carbon black and paper fiber. The adsorption isotherm of C8 on paper fiber appears to be S-shape [6].  The adsorption of C8 remains almost constant at low C8 concentrations.  As increasing C8 concentration, the C8 adsorption increases rapidly then nearly constants when the paper fiber surfaces are covered with monolayer or bilayer of C8.    The carbon black and paper fiber have the same loading of adsorbate based on dry surface area of 96 m2/g for carbon black and 100 m2/g for paper fiber.  The surface of the carbon black is hydrophobic and the surface of the paper fiber is hydrophilic [6].  For the carbon black and paper fiber in water, the PZC were determined to be approximately 2.3 and 3.6, respectively.  Indicating that at pH levels above 2.3, the carbon black has a net negative charge and pH above 3.6, the paper fiber has a net negative charge.  In all experiments, the pH of 9 was carried out so that the carbon black and paper fiber surfaces had a negatively charged.  These data suggested that C8 had the same affinity for the carbon black and the paper fiber.  The maximum adsorption of C8 on the carbon black was approximately 7.1 mole/m2 and the maximum adsorption of C8 on paper fiber was approximately 7.8 mole/m2 corresponded to 87.7% and 96% of monolayer coverage, respectively.

The adsorption isotherms of SDS on carbon black and on paper fiber are shown in Figure 3. Both curves appeared to be S-shape according to Rosen [6].  The SDS adsorption on carbon black is greater than on the paper fiber.  These data suggest that the SDS has greater affinity for the carbon than the fiber, due to hydrophobic interactions between the surfactant tail group and the surface whether surfactant adsorption is in a flat or in a tail down aggregate orientation.  The result shows that the plateau adsorptions of SDS on carbon black and on paper fiber are approximately 2.0 mole/m2 and 0.5 mole/m2, respectively, which is corresponding to 8,000 M (near CMC of SDS).

Calcium Adsorption Isotherms

Figure 4 illustrates the adsorption of calcium on the carbon black and paper fiber in the absence of C8 and shows the affinity of calcium ion adsorption to be similar magnitude to that of the C8 adsorption. The paper fiber has much higher loading (roughly two orders of magnitude greater) of adsorbate than does carbon.  The calcium ions are attracted by the negatively charged sites on the carbon surfaces resulting from surface oxidation and are attached to the negative sites on the paper fiber resulting from ionization of the carboxylate and hydroxyl.  Generally, bare cations are smaller than anions, and they bond tenaciously to hydrating water molecules.  The interaction between adsorbed calcium ions is not able to occur since aqueous molecules surrounding adsorbed ions and the lateral interactions are repulsive, not attractive.  Consequently, it can be concluded that the adsorption of this type is purely electrostatic and non-associative [4].  The ionic radius of calcium ion is 0.099 nm [
].  The plateau adsorption of calcium ions on carbon black and paper fiber surfaces are approximately 0.88 mole/m2 and 1.98 mole/m2 corresponding to 0.52% and 1.18% of close-packed monolayer coverage, respectively.

Effect of Calcium Concentration on the Surfactant Adsorption

Figure 5 depicts the adsorption of SDS on carbon black as varying calcium concentrations.  At increasing calcium concentration levels, the adsorption of SDS on carbon surfaces increase, because an increase in ionic salt lead to a decrease in the repulsive forces between the head groups of surfactants.  Moreover, decreasing the electrical repulsion between the similarly charged adsorbed ions permitted closer packing.  From the experiments, the plateau adsorption of SDS at initial calcium concentration of 100, 700, and 1000 M 2.08, 2.09, and 2.13 mole/m2, respectively.


Adsorption of C8 on the carbon black in the presence of varying initial calcium concentrations is shown in Figure 6.  The results show that increasing initial calcium concentrations lead to increase the adsorption of C8 on the carbon surfaces, presumably as the cations associate with exposed anionic surfactant head groups, which lead to a decrease in the repulsive forces among the head groups of surfactants.  Moreover, decreasing the electrical repulsion between the similar charged adsorbed ions result in closer packing.  


Interesting result is observed in these experiments, the adsorption of both surfactants increase when the initial calcium concentrations increase at low level of surfactant concentrations.  The mechanism of anionic surfactant and calcium adsorption was suggested that surfactant molecule was lied flat on the carbon surface, the calcium ions exposed to the head group of the surfactant and induced the other surfactant molecule to adsorb on the carbon surface.  On the other hand, the adsorption of surfactants did not increase at high C8 concentrations when the initial calcium concentrations increased.  Due to the surfactant concentration increased, the number of surfactant molecules on the carbon surface increased, the adsorbed molecules formed as orientation or surface saturated with the monolayer covered on the carbon surfaces so there was not enough surface for increasing the adsorption of surfactant.


Figure 7 shows relationship between adsorbed SDS on paper fiber and equilibrium SDS in the presence of various initial calcium concentrations.  The curve in Figures 8 reveal those additions of various amounts of calcium do not have much change in adsorbed SDS.  Because the calcium concentrations of 100 and 1,000 (M were not high enough to be cooperative adsorption for increasing the SDS adsorption capacity.  At initial calcium concentration of 100 (M, the initial SDS concentration was varied but calcium surface loading still remained constant at 0.015 mol/m2.  Likewise, at initial calcium concentration of 1,000 , SDS adsorption could not reach the full adsorption capacity on paper fiber and the calcium loading was constant at 0.15 mol/m2 with various SDS concentrations.  It is suggested that the amount of calcium was not high enough to induce bridging mechanism with SDS on paper fiber, because there were some adsorbed SDS unreacted and not participating in calcium adsorption.  However, there are several possible adsorption mechanisms for calcium and anionic surfactant on the layer of fiber in high saline condition depending on the solution conditions and concentration of surfactant and calcium [
].

Figure 8 shows the adsorption of C8 on the paper fiber in the presence of varying initial calcium concentrations.  The addition of various amounts of calcium has essentially no effect on adsorbed C8 density on the paper fiber surfaces. The adsorption of C8 slightly increased with increasing the initial concentration of calcium ions. This type of cooperative adsorption was common with ionic surfactants in the presence of oppositely charged ions and was due to diminished electrostatic repulsion between the head groups of the surfactants caused by binding or coadsorption of counterion.   


Consideration of the results illustrated that adsorption of C8 on carbon black was higher than that on the paper fiber occurring at low equilibrium concentration of C8 (1,000-10,000 M).  At higher concentrations of C8, the adsorption of C8 on both carbon black and paper fiber were the same loading and nearly constant as increasing initial calcium concentration.  The data depicted an apparent window of opportunity for preferential flotation of the carbon black with respect to the C8 concentration.


Figure 5 and 6, increasing initial concentrations of calcium ions leads to increase adsorption of surfactant.  This type of cooperative adsorption is common with ionic surfactants in the presence of oppositely charged ions and is due to diminished electrostatic repulsion between the head groups of the surfactants cause by binding or coadsorption of counterion.  In most instances, adsorption of the calcium ions also increases with increasing surfactant concentration due to association with exposed head groups of the anionic surfactants. This trend is observed in Figure 9 by the data set for adsorption of calcium ions on the carbon black as a function of equilibrium C8 concentration.  However, the opposite trend is observed for C8/fiber system as shown in Figure 10, increasing the adsorption of C8, the adsorption of calcium on paper fiber decreased. This effect was observed by Riviello [4] and he suggested that there might be due to the expulsion of calcium that was associated with the paper fiber.  These results indicate that there is an association between the carboxylate and the paper fiber surface.

Zeta Potential Measurements

Zeta potential is an approximation of surface potential.  It is the electrical potential at the shear plane between Stern layer and diffuse layer.  It is an important feature because zeta potential can be measured in a fairly simple manner, while the surface potential cannot.  Zeta potential is an effective tool for coagulation control because of changes in the repulsive force between colloids. The point at the zeta potential of zero is called the point of zero charge (PZC).  The PZC was determined to be approximately 2.3 for carbon black in water and approximately 3.6 for fiber in water.

 Figures 11 depicts the zeta potential of carbon versus equilibrium SDS concentration as varying calcium concentration.  With constant equilibrium SDS concentration, the absolute zeta potential of carbon decrease at increasing calcium levels.  It is probably because calcium ions neutralize the negatively charged sites on carbon surfaces and hydrophilic groups of SDS, consequently, the net negative charges on carbon adsorbents decrease.
Figure 12 shows the zeta potential of the carbon black as a function of equilibrium C8 concentration with varying initial calcium concentrations.  From the result of the zeta potential of the carbon black without calcium addition, the C8 concentration has essentially no effect on the measured zeta potential even though the adsorbed molecules carried a negative charge.  The lack of zeta potential might result from counterion binding of the associated sodium ions to the relatively small amount of C8 adsorbed to the surface.  However, when calcium ions are added to the system, the zeta potential of the carbon particles decreases dramatically, regardless of the C8 concentration.  It is probably due to calcium ions neutralize the negatively charged site on carbon surfaces and hydrophilic of C8.  For system with C8 presented, the zeta potential of carbon black is observed to be a function only of the calcium ion concentration and is not substantially affected by the C8 concentration.  Interestingly, C8 addition actually causes a reduction in the magnitude of the zeta potential of the carbon black when calcium ions are presented.  This effect may reflect the synergistic cooperative adsorption of the calcium.  Because the zeta potential can be directly related to the aggregation potential of particles, it might be assumed that agglomeration of the carbon was independent of the C8 concentration. 

Figure 13 illustrates the zeta potential of the paper fiber as a function of SDS concentration with varying calcium concentration.  Adding SDS causes the absolute magnitude of negative zeta potential decrease by approximately 9 mV, from 31 to 22 mV, with SDS adsorption on the surface even though the adsorbed molecules carry a negative charge.  Because SDS adsorbs on the fiber with the configuration is horizontal lay-down which made the hydrophobic part of SDS molecules cover on the negatively charged sites of the fiber resulting in decrease of zeta potential.  In all cases, increasing calcium concentration further decreases the absolute magnitude of zeta potential because calcium ions compress of the electrical diffuse double layer around the negatively charged particles.  The compression of electrical diffuse double layer results in diminishing electrostatic repulsion between the particles. 

Figure 14 shows the zeta potential of the paper fiber as a function of equilibrium C8 concentration with varying initial calcium concentrations.  The result indicates that adding C8 concentration in the absence of calcium causes the absolute magnitude of negative zeta potential decreased approximately 10 mV, from 30 to 20 mV, with C8 adsorption on the surface even though the adsorbed molecules carry a negative charge.  Because C8 may be adsorbed on the paper fiber surface with the horizontal lay-down configuration which made the hydrophobic part of C8 molecules covered more on the negatively charged sites of paper fiber surfaces.  In all cases, increasing calcium concentration further decreases the absolute magnitude of zeta potential because calcium ions neutralize the negatively charged sites on fiber surface and hydrophilic groups of C8.  

The C8 caused a change of approximately 10 mV in the zeta potential of paper fiber for system with C8 presented while the zeta potential of carbon black was only a 3 mV.  These results were likely to be another manifestation of the anomalous association between the carboxylate and the functional groups on the fiber surface as might be predicted from the adsorption data and the observed the calcium exclusion effect [4].

In order to relate the adsorption and the zeta potential data to collector chemistry mechanisms, it was suggested that the mechanisms of collector chemistry were adsorptive-based rather than precipitative-based.  Experiments conducted below the Ksp of the calcium-dicarboxylate (no precipitation) exhibited the reduction of zeta potential that implied to the aggregation of carbon for the C8/Ca2+ system.  The bulk phase precipitation was not necessary for agglomeration [4].  The results of the adsorption and the reduction of zeta potential suggested that the carboxylate molecule complex in a cooperative adsorption mechanism could cause aggregation. Consideration of the results presented in this investigation led to the conclusion that the C8 exhibited synergistic coadsorption of the surfactant and calcium ions.  C8 interacted with the calcium to cause carbon black particle aggregation and attachment to the air-water interface of rising bubbles.  Figure 4.17 schematically illustrates this proposed scenario.  While calcium ions may electrostatically adsorbed onto oxidized sites on the carbon black causing decreased surface charge.  Association of the divalent cation with the head group of the carboxylate might create localized regions of hydrophobic calcium-carboxylate complex, which might aid in the attachment of the carbon black particle to the gas/water interface of a rising bubble. 

CONCLUSIONS

The adsorption of annionic surfactants (C8 and SDS) onto carbon black surfaces display interaction between hydrophilic tail groups of the surfactants and surfaces, presumably with a tail-down and/or lying down orientation. 

 
In the traditionally collector chemistry system, cooperative adsorption of surfactants and calcium ions occurred.  The adsorption of C8 increases with increasing calcium concentration, because the addition of calcium salt lead to decrease the repulsive force between head groups of surfactant and diminish the zeta potential of carbon black as a function only of calcium concentration.  The specific interactions between the C8, the calcium ion and the fiber resulted in decreased calcium adsorption with increasing C8 adsorption that might be due to calcium expulsion effect.  However, the magnitude of zeta potential of paper fiber decreased as a function of surfactant and calcium concentration.  The adsorption of calcium was purely electrostatic and non-associative.
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