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 Key Parameters Influencing the Onset and Maintenance of the Electrospinning Jet 1
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 Electrospinning is a process by which submicron polymer fibers can be generated through use of an electrostatically driven jet of polymer solution. Use of electrospun nanofibers in electronic, biomedical, and protective clothing applications often involves the incorporation of some sort of functionalized particulate (i.e. carbon nanotubes, activated carbon, clay silicates, etc.). The current work uses conventional and high speed imaging techniques to study the motion of particles in the linear portion of electrostatically driven jets of Polyethylene oxide/water solutions. Observation of the motion of carbon particles using conventional video reveals the presence of eddy currents in the meniscus from which the jet originates. High-speed video of the motion of urethane particles in the liquid jet has been used to measure jet velocities, which range from 1-2 meters/second depending on initial processing conditions. The effect of solution viscosity, field strength, and flow rate on jet velocity and shear rate have implications for the scale up of the electrospinning process and are discussed in detail.
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 Introduction Although the phenomena of electrospinning has been observed and studied for more than a century [1-21], it is only in the last five years that interest [2-11] in the technology has reached a critical mass in the academic community, spurred on by the on going interest in materials engineering on the nanoscale, and by biotechnology. The recognition that electrospun fibers can be assembled into structures that mimic morphologies seen in biology, and that the surface area associated with electrospun textiles can be a platform from which nanoscale chemical and biological processes can operate has driven the explosion of scholarly interest and publications. There are now clear cut applications in biotechnology and microelectronics which provide the economic incentive to fund the research needed to make the technology commercially viable, while maintaining the level of control demonstrated on the lab scale. Electrospinning is a process, which uses an electrostatically driven jet of polymer fluid (solution or melt) to generate submicron diameter polymer fibers. Typically, a voltage is applied to the fluid that is pumped through a capillary orifice. This can be a glass pipette, a syringe needle, or simply a hole in a conductive plate. Flow rates are very slow, and range from 0.5 to a few tens of ml/hour. Prior to application of the voltage, a drop of fluid will form at the exit of the capillary. Once the voltage is applied, the drop deforms into the shape of a cone in the presence of the resulting electric field. When the electric field strength at the tip of this cone exceeds a critical value, a jet of fluid will erupt from the apex of the cone and proceed to the nearest target that is at a lower electrical potential, usually a collection plate or drum that is electrically grounded. Initially, the solution jet follows a linear trajectory, but at some critical distance from the capillary orifice, the jet begins to whip about in a chaotic fashion. This is commonly referred to in the literature as a bending instability. [2, 3, 4, 5] At the onset of this instability, the jet follows a diverging helical path. As the jet spirals toward the collection mechanism higher order instabilities manifest themselves [5] resulting in a completely chaotic trajectory. For this reason, electrospun materials are usually collected in quantity in the form of a randomly oriented non-woven mat. The process described here is typical of a laboratory scale system and the rate of fiber production is very slow by commercial fiber spinning standards. The objective of the current research is to use real time imaging techniques to gain needed insight into mechanisms that govern the stability of the electrospinning jet. It is a general goal of this work to provide an introduction to the technology for those entering the field and to summarize the research we have conducted over the last decade. In spite of what has gone before, our
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 58 understanding of the underlying mechanisms fundamental to the electrospinning process is still in its infancy. The authors feel that visualization of the electrospinning process is key to understanding how very subtle changes in processing conditions can affect the final product. It is our hope that our observations will serve to inspire the reader in their quest to advance the state of the art and adapt this fascinating technology to new applications.
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 Experimental Model polymer solutions of Polyethylene oxide (PEO) and water are used in the experiments reported here. The solution concentrations were 7% and 10% of PEO in water by weight. The basic experimental setup is depicted in figure 1. The electrospinning apparatus consisted of a 30 kV high voltage power supply from Gamma High Voltage Research and a syringe pump from Harvard Apparatus. Polymer solution is pumped from a syringe through an 18 Gauge stainless steel syringe needle. The electrospinning voltage was applied directly to the syringe needle. Solution feed rates ranged from 1 to 8 ml/hour. Standard video of the electrospinning process was collected with a Coho C C D camera using a telephoto lens. The resolution of the C C D sensor was 512 X 512 pixels. High-speed video of the electrospinning process was obtained using a Kodak H G 1000 video camera with an Infinity K2 video lens. 70 micron carbon black and 50 micron diameter urethane spheres were used as tracer particles to observe flow behavior. The electrospinning jet was illuminated from several angles in order to bring out the appropriate level of contrast needed to make effective observations.
 
 Results and Discussion Video Observation One of the driving forces behind the explosion of interest in the electrospinning process is possibility of incorporating meso- and nanoscale particles into a continuous network. Uses for such a composite system include a variety of applications such as sensors (chemical, biological, electrical, strain), Nanoelectronic devices, wound repair, tissue engineering, and protective barriers for chemical and biological defense. Although electrospun fibers have been doped with numerous types of nanoparticles [7-11], very little is understood regarding their effect on the spinning characteristics of the polymer solution. To
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 59 investigate this, a 7% solution of polyethylene oxide (400k M W ) in water was made with approximately 0.5% by wt. of carbon black particles (average diameter~50 microns) were mixed into the solution using a hand held electronic mixer. Activated carbon is commonly used in both liquid and gas filtration devices and the mixture of PEO and carbon black was meant to simulate the incorporation of activated carbon directly into an electrospun fiber mat. Because of the small size of the electrospinning jet, and the chaotic motion it undergoes during its journey to a collection apparatus, observing flow behavior directly can be a very difficult challenge. However, in the vicinity of the capillary opening, both the Taylor cone and the initial part of the jet are usually stable enough and large enough to observe with standard video equipment. Video data of the electrospinning experiment was acquired through standard video rates at 30 frames/second. Upon inspection it is immediately apparent that the carbon particles have formed agglomerations in the PEO/water solution. It is probable that these agglomerations or aggregates are the result of insufficient mechanical agitation during mixing or possibly due to unfavorable chemical interactions between the particle and the PEO/Water solution. The key point of this discussion, however, is that these larger aggregates are easily observed and can be used as "tracers" that provide information about fluid flow behavior in the Taylor cone and the initial part of the electrospinning jet. In figure 2, four large agglomerations can be observed, one near the needle, one in the middle of the meniscus, and two more at the apex of the cone, from which the electrospinning jet originates. The agglomerated particles are much larger than the initial diameter of the jet, and do not pass through. As more and more particles collect at the apex of the cone, the spinning process slows down, but never stops, and the particles can be seen to spin about the apex of the cone. Eventually (-10 minutes) the mass of the collected carbon particles becomes too great and the entire meniscus/drop separates from the needle and falls to the target below. This process effectively filters out all particles larger than the initial diameter of the electrospinning jet. Figures 3a and 3b are optical micrographs of the fiber mats obtained from the electrospinning experiment described above. Figure 3a is a micrograph taken of the portion of the mat situated directly under the needle. Clearly seen is a pile of carbon that has not been incorporated into fibers, but has simply fallen from the needle in drops. Figure 3b is a micrograph of the outer edge of the fiber mat, and is essentially free of carbon particles. It is clear from this data that a key factor in successful incorporation of nanoparticles into electrospun fibers is good particle dispersion in the polymer solution. Large particles or aggregates will be effectively filtered from the electrospinning jet. However, it should be pointed out that size exclusion is only
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 Figure J: Basic electrospinning set up.
 
 Figure 2: Electrospinning of PEO/Water solution doped with carbon black (Reproduced with permissionfromPolym Rrepr. 2003, 44(2), 57-58. Copyright 2003 J. M. Deitzel.)
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 Figure 3a: Area of fiber mat directly under the syringe tip (Reproduced with permissionfromPolym Rrepr. 2003, 44(2), 57-58. Copyright 2003 J. M. Deitzel)
 
 Figure 3b: Area at the edge of the fiber mat. (Reproduced with permission from Polym Rrepr. 2003, 44(2), 57-58. Copyright 2003 J. M. Deitzel)
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 62 one possible mechanism affecting the distribution of particles in an electrospun mat. It is likely that particle and biological molecules carrying an electric charge will be greatly affected by both local (field induced by local charge in fluid) and global (field induced by applied voltage) electric field strengths and shapes. The fact that the electrospinning process continues even when multiple particles are trapped at the cone apex suggests that the electrospinning jet is being feed primarily from the surface of the droplet/cone. This is further illustrated in figure 4, which shows a series of images taken at 30 frames per second. At t=0 seconds two particles, A and B can be clearly seen near the center of the droplet, while particle C is visible at the edge of the droplet. As time progresses, particle A travels in a direction away from the electrospinning jet and toward the needle. At time =24 seconds, a third particle, C has moved from the lower right hand corner to the center of the droplet and travels up the centerline of the drop toward the needle outlet (time = 30 seconds). This phenomenon was first reported by Hayati [12, 13], et al who observed similar motion of fluorescent tracer particles in viscous, low molecular weight oils. He provided the following explanation, which is illustrated in figure 5. When a potential is applied to a drop of a semi-conducting fluid, (often referred to as a "leaky dielectric")[12, 13], a potential difference exists between the base of the resulting cone and its tip. As a result, there is a net shear force tangent to the liquid surface that is described by the following equation: T=6 E E 0
 
 n
 
 (1)
 
 t
 
 Where, T is the shear force, e is the permittivity of free space; E is the electric field strength normal to the liquid surface and E is the electric field tangential to the liquid surface. This shear stress moves fluid at the surface toward the apex of the cone. The observations described above clearly illustrate the complexity of the fluid flow at the point of jet initiation. Particles, such as clay silicates and carbon nanotubes must be well dispersed in a solution and must not exceed a critical size (i.e. the initial diameter of the jet) if they are to be evenly distributed through out the polymer nanofibers. The observations are also consistent with the theory that the free charge aggregates at the liquid surface [2, 3, 14, 15, 16, 17], providing the motive force needed to initiate and stabilize the electrospinning jet. This has interesting implications for nanofibers spun from solutions that have been doped with conductive materials or antimicrobial compounds which are often ionic in nature. These materials will have a tendency to aggregate at the fiber surface as a result of electrostatic forces. Additionally, an excess of these charge-carrying additives can greatly impair the formation and stability of an electrospinning jet [5]. 0
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 Figure 4: Time resolved images ofparticulate flow in the cone
 
 Figure 5: Diagram illustrating fluidflow at the surface in the cone region of the electrospinning process
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 High-Speed Imaging As illustrated in the previous discussion, a great deal can be learned about electrospinning fluid dynamics from observing the motion of particles in the electrospinning jet. For polymer solutions, in the region of the Taylor cone the fluid flow is relatively slow and can be observed at standard video speeds (30 frames per second). However, once the fluid reaches the apex of the Taylor cone and passes into the straight portion of the electrospinning jet, the fluid undergoes rapid acceleration and high-speed cameras are required to follow tracer particles. High-speed video (1000-2000 fps, 70msec exposure time) has been used to measure the velocity of the fluid in the linear portion of the electrospinning jet for a variety of experimental conditions. A 10 % solution of 400,000 molecular weight PEO, in water, was used in these experiments. The particles used as tracers were ~ 50 micron diameter polyurethane spheres that are typically used as pigment in water dispersible coatings. High-speed video was obtained using a Kodak H G 100 high-speed video camera with an Infinity K 2 video microscope lens. Individual frame resolution was 720 by 480 pixels. Distance calibrations for high magnification images were obtained from images of graph paper with known line spacing. A Redlake MotionScope*" motion analysis software was used to measure particle velocities from the high-speed video. Figure 6a shows an image of the straight portion of the electrospinning jet just below the apex of the Taylor cone. The diameter of the electrospinning jet decreases from 740 microns to 270 microns within a micron of the initiation point. The motion of particle A , seen at the apex of the cone, was tracked in successive video frames and the velocity of the particle was calculated and plotted as a function of time (see Figure 6b). The velocity profile shows that the particle reaches a maximum speed of 0.15 m/s at a distance of-1.5 mm below the apex of the Taylor cone. At lower magnifications the particles can be tracked for longer distances along the length of the linear portion of the electrospinning jet (Figure 7a). The full length of the electrospinning jet depicted in figure 7a is 7 mm. From the plot in figure 7b we see that particle B has an initial measured velocity of 0.1 m/s and reaches a maximum velocity of 2.5 m/s before it passes out of the field of view of the camera. This change in velocity occurs over a period of 8.5 milliseconds and corresponds to an average acceleration of 320 m/s . It should be noted that the electrospinning jet in figure 7a deviates somewhat from what would be considered the central axis of the electrospinning set up. The reason for this deviation is that the charged jet is being preferentially pulled toward the ground lead attached to the collection target. Because the ground lead was positioned perpendicular to both the needle and the line of sight of the camera, the observed portion of the electrospinning jet remained steady and in focus. As a result, the 1
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 Figure 6a: High-speed image ofparticle motion in initial portion of the electrospinning jet.
 
 200
 
 Time (sec) Figure 6b: Velocity profde ofparticle A in the initial portion of the electrospinning jet.
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 Figure 7a: Low magnification high-speed image ofparticulate motion in the electrospinning jet.
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 Time (sec) Figure 7b: Velocity profile ofparticle B in figure 7a.
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 67 authors are confident in the accuracy of our velocity measurements, although some small degree of uncertainty cannot be ruled out.
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 Jet Velocity One factor that is important to the commercial scale up of the electrospinning process is the rate at which polymer nanofiber is produced. In lab scale experiments, fiber collection rates are on the order of a few tens to hundreds of milligrams per hour. While adequate for most proof of concept experiments, these spinning rates are much too slow for commercial viability. The speed of fiber deposition is ultimately controlled by the solution feed rate to the capillary and the electrospinning voltage. As has been extensively discussed in the literature, the rate of solution to the capillary must be comparable to the rate at which the solution is removed from the system through the electrostatically driven jet in order to obtain nanofibers of uniform diameter and morphology [6]. The most obvious way to increase fiber output would seem to be to simply increase the solution flow rate and electrospinning voltage. A series of experiments have been run to study the effect of flow rate and spinning voltage on fluid velocity and strain rates in the linear portion of the electrospinning jet. Figure 8 is a plot of particle velocity as a function time for 3 different processing conditions (Case I: 5 kV-2.5 ml/hr, Case II: 6 k V - 3.0 ml/hr, and Case III: 7 kV-6.0 ml/hr). A l l other conditions, including solution concentration and target distance were held constant. For all three conditions, we see that particle velocity increases exponentially as a function of time; however, the rate at which the particle velocity increases (i.e. acceleration) is clearly dependent on the spinning conditions. Case I conditions represent the lowest combination of spinning voltage and solution feed rate for which it was possible to establish a stable jet. In Case II, both the spinning voltage and solution feed rate have been increased, and as a result the maximum particle velocity and average acceleration also increase slightly, as one would expect. In Case III, the spinning voltage and solution feed rate have again been increased, however, the maximum particle velocity and average acceleration both decrease with respect to the Case I condition. Why does the fluid velocity and shear rate decrease for Case III, when both the electrospinning voltage and fluid feed rate have both been substantially increased compared to Case I conditions? It has been shown [4, 12,13] in the case of low molecular wt. fluids that the rate at which the radius of an electrostatically driven jet decays is very much dependent on the initial feed rate of the fluid. If the fluid feed rate is relatively slow, the radius of the jet decays very rapidly [16]. If the fluid feed rate is very fast, the radius of the jet will
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 Time (Seconds) Figure 8: Velocity profiles of electrospinning jets for 3 different spinning conditions.
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 69 decrease much more slowly and in extreme cases, not at all [4, 13]. If a simple cylindrical geometry is used to represent a volume element of the electrospinning jet, then the ratio of surface area to volume (specific surface area) is proportional to the inverse of the jet radius (equation 2). This means that an increase in jet radius results in a corresponding decrease in specific surface area associated with that specific volume element. Assuming that the density of the polymer fluid is constant and that the surface charge density is constant, then it follows that the charge to mass ratio will decrease with increasing jet radius. Since the acceleration of the volume element is directly proportional to the ratio of charge to mass (see equation 3), we can expect that an increase in the initial jet radius will result in a decrease in the acceleration of the fluid. This effect can be mitigated to some extent by increasing the electrospinning field strength; however there are practical upper limits to this approach imposed by the dielectric breakdown threshold of the atmosphere. A/V=2/r Where:
 
 A is surface area of the cylindrical volume element V is the volume r is the radius of the jet a=E*(q/m)
 
 Where:
 
 (2)
 
 (3)
 
 a is acceleration E is the electric field strength q is the available charge for a given volume element m is the mass of a given volume element
 
 This simplified model of a cylinder is meant only to provide a gross illustration of the interaction between solution feed rate, electrospinning voltage, and the charge to mass ratio, and is in qualitative agreement with our experimental observations. Such an illustration is felt to provide useful insights that can aid researchers new to the field in the design and scale up of electrospinning experiments. Most importantly, it suggests that for a given polymer solution there exists a finite processing window in terms of solution feed rate and electrospinning voltage. This idea is consistent with results reported by Baumgarten for solutions of Acrylic polymer and Dimethyl Formamide [14] where it was shown that the collected fiber diameter initially decreased, reached a minimum diameter, and then increased, when both spinning voltage and solution feed rate were increased. However, it should be understood that a more precise description of fluid flow in the electrospinning jet must take into account numerous other variables such as viscoelastic response, charge
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 70 relaxation times, and solvent evaporation rate, all of which further complicate the interplay of mechanical and electrostatic forces. For a more detailed discussion of these issues readers are referred to the works of Hohman [3, 4], Yarin [2], and Feng [18, 19].
 
 Downloaded by UNIV QUEENSLAND on April 18, 2013 | http://pubs.acs.org Publication Date: February 23, 2006 | doi: 10.1021/bk-2006-0918.ch005
 
 Jet Shear Rate For each spinning condition (Case I-III), the particle velocity has also been plotted as a function of displacement along the length of the jet as shown in Figure 9. In each case, the initial part of the curve is linear, indicating a constant shear rate. The initial shear rate for Case I was determined to be 214 sec' . Case II exhibited a shear rate of 252 sec" , while case III had a shear rate of 135 sec-1. As the fluid travels farther away from the point of initiation, the increase in particle velocity becomes nonlinear, indicating that the rate of shear of the fluid increases. These results are similar to those reported by Larrondo and Manley[20-22] for Polyethylene spun from a molten state. In the case of electrospun polymer melts, this increase in shear rate has been attributed to a shift from extensional flow to a more chaotic flow behavior [20-22]. It has been suggested that as the jet moves away from the point of initiation, rotational components of shear manifest themselves due to the interaction of changing electrostatic and viscoelastic forces [2, 3, 20, 21]. It is possible that the observed shift in fluid flow behavior signals the onset of rotational shear components in the fluid jet that are ultimately responsible for the initiation of the much discussed [2, 3, 4, 5] bending instability. 1
 
 1
 
 Conclusion The motion of particles in polymer solution in the linear portion of an electrostatically driven jet has been observed using high-speed imaging and standard video techniques. The motion of particles in the meniscus, or "cone" region just below the capillary orifice, suggests the presences of a shear force originating at the surface of the fluid. Particle motion in the center of the cone region was observed to run counter to the overall direction of flow. Particles larger than the initial diameter of the electrospinning jet were effectively filtered from the stream, and were not incorporated in the collected fibers, demonstrating the need for effective dispersion of particles in the spinning. Velocity profiles and shear rates were measured for a variety of spinning conditions. The results indicates that there exists an optimal spinning rate for single spinnerets that provides maximum jet stability and a minimum fiber diameter. This implys that there are limits to the degree that the rate of nanofiber production from a single
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 Distance (m) Figure 9: Plot ofjet velocity as a function of distance from the point of jet initiation.
 
 In Polymeric Nanofibers; Reneker, D., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 2006.
 
 72 jet can be sped up without loosing control of the fiber morphology. Future efforts aimed at commercializing the electrospinning process will need to take this into account when designing the scaled up process.
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