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Flotation deinking is a common method used to remove ink from paper in paper recycling processes. The mechanism of flotation was predicted by studying the interaction of an anionic surfactant (sodium dodecyl sulfate (SDS) or sulfate) with paper fiber. The effect of calcium concentration was also studied. The pH values used in this study were 7 and 9. Experimental data from adsorption isotherms indicated that calcium ions adsorbed on negatively charged sites of the paper fiber by an ion exchange mechanism. The SDS adsorption isotherm was found to be the S-shaped. The addition of calcium did not have much effect on the adsorption of SDS. On the other hand, changing the pH had a considerable effect on the adsorption of SDS. The experimental results also revealed that the adsorption of SDS was better at low pH value. The differences in adsorption of SDS were clearly observed at concentrations before approaching the CMC. 
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INTRODUCTION

Flotation deinking is a common practice for many recycling paper mills. In the system, ink particles and paper fiber are all mixed together, then air is injected in the system. The ink particles will attach to the air bubbles and float to the top layer, while, paper fiber will be left below at the bottom of the system, and collected for reuse. Chemistry of flotation process is fairly conventional involving commodity products such as caustic soda and hydrogen peroxide.  On the other hand, some other chemicals are quite complex such as surfactants and clarification polymers (1). Surfactants used in flotation deinking take three important roles. The first act as a dispersant to separate ink particles from the fiber and prevent redeposition of separated ink particles on the fiber. The second act as a collector to agglomerate the small ink particles to floc by controlling the surface of ink into hydrophobic surface. The third act as a frother to generate foam on the top layer of flotation cell for ink removal. 


The contraction term of surfactant comes from surface-active agent. When surfactants are presented at low concentration, surfactants have the property of adsorbing onto the surfaces or interfaces of the system. At sufficiently high concentration in solution, surfactant molecules will form aggregates called micelles. The concentration at which this occurs is called critical micelle concentration (CMC), which depends on each surfactant. The adsorption behavior of surfactant on surface can be presented by an adsorption isotherm. The curve of an adsorption isotherm for an anionic surfactant on a strongly charged site substrate is shown in Figure 1  (2). The curve can be divided into 4 regions. In region 1, the surfactant is adsorbed mainly by ion exchange, The charge density or potential at the Stern layer of the substrate remains almost constant. In region 2, there is a marked increase in adsorption, resulting from interaction between the hydrophobic chains of the previously adsorbed surfactants. This aggregation of the hydrophobic groups, which may occur at concentration well below the critical micelle concentration (CMC) of the surfactant, has been called hemimicelle formation or cooperative adsorption. In region 3, the slope of the isotherm is reduced, because adsorption now must overcome electrostatic repulsion between the oncoming ions and the similarly charged solid. In region 4, adsorption in this fashion is usually complete when the surface is covered with a monolayer or bilayer of the surfactant. In many cases this occurs approximately at the CMC of the surfactant, since adsorption appears to involve single ions rather than micelles.  Above CMC, the pseudo phase separation model predicts that the monomer concentration is constant and that the concentration of micelles increases linearly with total surfactant concentration (3).
In this study, a paper fiber (common office paper) and medium chain length surfactant (Sodium Dodecyl Sulfate, SDS) were employed in an attempt to elucidate the fundamental mechanism of collector chemistry. Both zeta potential and adsorption isotherm will be studied to elucidate the mechanism of the surfactant and calcium ions on the paper fiber.

EXPERIMENTAL

A. Materials

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 calcium ions. Water from pulp slurry was collected and concentration of calcium ions was detected by standard atomic absorption spectroscopy (AAS Varian 300). Washing was continued until concentration of calcium ions was less than 0.1 ppm.  Pulp slurry was then pressed to remove excess water and was dried by oven at 50OC . The surface area of washed paper fiber, which was determined by BET surface area was 100 m2/g. 
Surfactant
Sodium dodecyl sulfate (SDS, C12H25SO4Na) with a purity of 99 % was 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 adjusting solution
Sodium hydroxide (NaOH) manufactured by J.T. Baker Chemicals B.V. (Deventer, Holland) was used as received.

B. Surfactant Adsorption

Adsorption isotherms were obtained at 30OC using solution depletion method; 1 g of dry fiber was mixed with 25 ml of stock solution and adjusted for pH of alkaline condition by NaOH in a vial with screw cap.  It was held until reaching equilibrium for 4 days in water bath shaker.  After that it was centrifuged at 3,000 rpm for 15 minutes.   The supernatant liquid was then analyzed for the residual concentrations of surfactant and calcium. SDS concentrations were determined by High Performance Liquid Chromatography or HPLC (Hewlett Packard series 1050) with an electrical conductivity detector (model 550 Alltech Associates, Inc.). The conductivity detector was set up at condition of positive signal and temperature of detector was adjusted at 30 oC. The sensitivity of detector for high surfactant concentration and low surfactant concentration was manipulated to 500 S and 100 S respectively. Because chloride salt was used in the experiments, it was necessary to separate the surfactant response from chloride response on the HPLC.

The separation was accomplished using bicratic operation or gradient elution mode of two mobile phases through C18 reverse phase silica column. The primary mobile phase was 30% by volume of mixture of methanol in water. At this point, surfactant adsorbed on the reverse phase silica and chloride salt eluted from the column.  During HPLC operation, the composition of mobile phase was gradually changed from 0 to 2.5 minutes. After that the composition was maintained at 80% by volume of methanol in water. Finally, the mobile phase was switched back to 30% methanol to complete cycle. The SDS concentration was analyzed twice in order to obtain average value of area under curve and the experimental error was less than 5%.

Calcium concentrations were analyzed by Atomic Absorption Spectrophotometer (AAS Varian 300). The accuracy from measurement was less than 3%.

C. Zeta potential determination


Zeta potential was determined by using Zeta Meter Model 3.0+. One-tenth gram of fiber was mixed with 40 ml of stock solution and pH adjusted by NaOH and allowed to equilibrate in water bath shaker at 30OC for a day. The sample is placed in electrophoresis cell. Electrodes placed in 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 (30OC). 

RESULTS AND DISCUSSION


In all experiments the concentration of SDS and calcium ions remained below Ksp and CMC to prevent precipitation and formation of calcium didodecyl sulfate complex micelle.  The value of concentration-based Ksp of calcium didodecyl sulfate at 30OC was 6.0(10-3 M3 (4) and the activity-based Ksp was 5.02(10-3 M3 (5).  The CMC of SDS at 30OC was 8300 (M (6).  The conditions of pH chosen in experiments were of 7 and 9.  The temperature of all experiments was constant at 30OC. 

4.1  Effect of Calcium Ions on the Adsorption of SDS on the Paper Fiber


Adsorption isotherms were generated showing the relationship between the SDS and calcium ions.  Figures 2 and 3 depicted the adsorption of calcium ions on the surface of paper fiber at pH 7 and pH 9. Both curves had similar shapes of adsorption and they were separated into 3 regions.  In the first region, the calcium ions were attached by negatively charged sites of the paper fiber resulting from ionization of carboxyl and hydroxyl groups on paper surface and alkaline condition on shear layer of paper fiber (4).  After this region, in the second region, the curve was stable because the counterions chloride ions build up ionic strength of the system.  In the third region, the dominant mechanism was the same as in the first region, the further addition of calcium ions resulted in electrostatic interaction with the adsorbed chloride ions.  At equilibrium calcium concentration of 25,000 M, the calcium loading on surface was 15 mol/m2. It appeared that surface was not completely covered by calcium. If there were more calcium added, the paper fiber would be capable of better adsorption.  


The adsorption isotherm of SDS on paper fiber at pH 7 was shown in Figure 4 and one at pH 9 was shown in Figure 5. Both curves appeared to be S-shape according to Rosen (2). At higher pH, paper fiber carried more negative charged sites and the head groups of SDS were also negative, so the adsorption of SDS on paper fiber should be tail down orientation, leaving the negative head groups outward to the solution, so called hydrophobic interaction. The result showed that the plateau adsorption of SDS at pH of 7 was approximately 0.5 mol/m2 corresponding to 3,000 M (less than CMC of SDS) but the plateau adsorption of SDS at pH 9 corresponding to 8,000 M (near CMC of SDS).


Figure 6 is a replot between the adsorption isotherms of SDS and calcium on paper fiber at pH 7 shown previously in Figure 2 and 4. At equilibrium SDS concentration at approximately 3,000 M, the plateau adsorption of SDS was approximately 0.5 mol/m2. But calcium adsorption curve denoted by diamond showed that fiber had more adsorption capacity on calcium than on SDS. At the equilibrium SDS concentration between 800-3,000 M, the curve of SDS had higher slope than the calcium curve which meant the SDS preferred to adsorb on paper fiber higher than calcium ions. After the equilibrium SDS concentration at 3,000 (M, the calcium adsorption continued to increase while SDS curve leveled off. It could be concluded that the paper fiber had more capacity to adsorb calcium than SDS was. Figure 7 shows relationship between adsorbed SDS and equilibrium SDS in the presence of various initial calcium concentrations at pH 7. The same relationship was obtained at pH 9 as shown in Figure 8. Both curves in Figures 7 and 8 revealed that addition of various amounts of calcium did 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. Figures 9 and 10 show the relationship of SDS and calcium adsorbed on paper fiber at pH 7 and 9. 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 M, 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 concentration. It is suggested that the amount of calcium was not high enough to induce bridging mechanism with SDS on paper fiber, because some adsorbed SDS remained 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 (7).

4.2 Effect of pH on the Adsorption of SDS and Calcium Ions on Paper Fiber

When pH of system was changed, H+ and OH- were the potential determining ions for the paper fiber surface. Figure 11 illustrates the comparison of the SDS adsorption on paper fiber at pH 7 and 9. These data also suggested that the surfactant had greater affinity for fiber in solution at pH 7 than one at pH 9. This is probably due to OH- ions covering more on surface at pH 9, in turn, causing increase in electrostatic repulsion between SDS and surface. It should be noted that at the SDS equilibrium concentration below CMC (8300 (M), the SDS adsorption capability at pH 7 was twice as much as one at pH 9. At equilibrium SDS concentration beyond CMC, both adsorption isotherms approached the same capacity of 0.5 (mol/m2 for both pH. Figure 12 shows the relationship between calcium adsorption and equilibrium calcium concentration at both pH conditions. Both curves were similar and almost superimposed, which suggested that pH had no effect to calcium adsorption on paper fiber. Because the electrostatic force between calcium ions and paper surface was greater than the effect from OH- ions. SDS adsorption on paper fiber in the presence of varying initial concentration of calcium ions and varying pH were shown in Figures 13 and 14. In all cases, increasing pH from 7 to 9 caused a decrease in SDS adsorption by half due to OH- ions covering more on surface at pH 9.

The adsorption isotherm of calcium in the presence of initial SDS concentration of 100 (M and 1000 (M were shown in Figures 15 and 16. From both Figures, changing pH had no effect on calcium adsorption, but had direct effect on SDS adsorption.

4.3  Effect of SDS and Calcium Ions to the Zeta Potential of Paper Fiber

Figure 17 illustrates the zeta potential of the paper fiber in the absence of calcium at pH 7. Adding SDS caused the absolute magnitude of negative zeta potential decrease by approximately 7 mV, from 28 to 21 mV, with SDS adsorption on the surface even though the adsorbed molecules carried a negative charge. Because SDS adsorbed on the fiber with the configuration as shown in Figure 18 (8). This configuration was 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 at pH 7 further decreased the absolute magnitude of zeta potential as shown in Figure 19 because the presence of calcium ions made the electrical diffuse double layer around the negatively charged particles more compressed. The compression of electrical diffuse double layer resulted in diminishing electrostatic repulsion between the particles. Adding 100 (M of calcium to system made the absolute magnitude of zeta potential decrease approximately 1 mV. Increasing calcium concentration up to 1,000 (M to system caused the absolute magnitude of zeta potential decrease by approximately 2.5 mV and 5 mV at equilibrium SDS concentration less than 600 (M and higher than 600  (M, respectively. 

4.4  Effect of pH to the Zeta Potential of Paper Fiber


Figure 20 illustrates the zeta potential of the paper fiber in the absence of added calcium with varying pH.  The ability of SDS adsorption at pH 7 was reduced by half compared to one at pH 9 in the range of equilibrium SDS concentration below CMC. At equilibrium SDS concentration above CMC, both SDS adsorption isotherms at pH 7 and at pH 9 were almost the same. The presence of 100 (M and 1000 (M of calcium ions are shown in Figures 21 and 22. The same tendency still occured in both presence and absence of Ca2+ concentration. At pH 9, decreasing in SDS adsorption caused the absolute magnitude of zeta potential increase by approximately 3 mV. Beyond CMC, both SDS adsorption isotherms at pH 7 and 9 were almost the same, the absolute magnitude of zeta potential decreased by approximately 1 mV.

CONCLUSIONS


The adsorption isotherm of SDS on paper fiber was found to be S-Shaped. The curve could be explained that SDS was adsorbed mainly by hydrophobic interaction as tail down orientation with negatively charged sites of paper fiber. However, the adsorption of SDS remained constant when the concentration reached CMC. At this concentration the plateau adsorption of SDS was approximately at 0.5 (mol/m2. On the other hand, calcium ions were adsorbed mainly by electrostatic interaction on negatively charged site of paper fiber. The surface loading of calcium on paper fiber was higher than 15 (mol/m2. The adsorption capacity of paper fiber for calcium was greater than that for SDS. However, paper fiber had more affinity for SDS than calcium. For the system with the presence of calcium concentration of 100 (M, the surface loading of calcium ions was 0.02 (mol/m2. Adsorbed SDS remained unchanged and was not affected by calcium adsorption. When calcium concentration was increased to 1,000 (M, it could cover surface up to 0.15 (mol/m2. In this condition, initial SDS concentration used was less than 1,000 (M to prevent precipitation and SDS could adsorb only one-tenth of total capacity. Therefore, there was enough negatively charged sites for calcium adsorption and were not adsorbed as cooperative adsorption. The pH of solution had direct effect on SDS adsorption because H+ and OH- ions were the potential determining ions. At pH 9, there were more OH- ions on paper fiber than one at pH 7. From pH 7 to 9, the SDS adsorption was deceased by half in the concentration range lower than CMC. But the difference of SDS adsorption in these two conditions were almost the same at concentration greater than CMC. While changing pH made not much effect to the calcium adsorption.


The magnitude of negative zeta potential which is the measurement to inform the dispersion of particles resulted from the quantity of adsorption of SDS and calcium ions. SDS adsorption resulted in decreasing the absolute magnitude of zeta potential by approximately 7 mV. The presence of 100 (M of calcium concentration further decreased the absolute magnitude zeta potential by approximately 1 mV and 2.5 to 5 mV when 1,000 (M of calcium was added.  Decreasing pH from 9 to 7 increased SDS adsorption 2 times and decreased the absolute magnitude zeta potential by approximately 3 mV. The decrease of absolute magnitude of zeta potential was only 1 mV when the concentration was close to CMC.
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Fig. 3
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