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CARBON BLACK Introduction Carbon black is a generic term for an important family of products used principally for the reinforcement of rubber, as a black pigment, and for its electrically conductive properties. It is a ﬂuffy powder of extreme ﬁneness and high surface area, composed essentially of elemental carbon. Carbon black is one of the most stable chemical products. In a general sense, it is the most widely used nanomaterial, with its aggregate dimension ranging from tens of nanometers to a few hundred nanometers, and imparts special properties to composites of which it is a part. Plants for the manufacture of carbon black are strategically located worldwide in order to supply the rubber tire industry, which consumes 70% of carbon black production. About 20% is used for other rubber products and 10% is used for special nonrubber applications (1). World capacity in 2001 was estimated at over eight million metric tons (1). U.S. capacity was approximately 24 million metric tons. Over 42 grades, listed in ASTM 1765-01 (2), are used by the rubber industry. Many additional grades are marketed in the nonrubber markets. Carbon blacks differ from other forms of bulk carbon such as diamond, graphite, cokes, and charcoal in that they are composed of aggregates having complex conﬁgurations, quasigraphitic in structure, and are of colloidal dimensions. They differ from other bulk carbons in being formed from the vapor phase by homogeneous nucleation through the thermal decomposition and the partial combustion of hydrocarbons. Carbon black is the product of a technology incorporating state-of-the-art engineering and process controls. Its purity differentiates it from soots that are impure by-products from the combustion of coal and oils and from the use of diesel fuels. Carbon blacks are essentially free of the 52 Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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inorganic contaminants and extractable organic residues characteristic of most forms of soot. A number of processes have been used to produce carbon black including the oil furnace, impingement (channel), lampblack, the thermal decomposition of natural gas, and decomposition of acetylene (3). These processes produce different grades of carbon black and are referred to by the process by which they are made, eg, oil-furnace black, lampblack, thermal black, acetylene black, and channel black. A small amount of by-product carbon from the manufacture of synthesis gas from liquid hydrocarbons has found applications in electrically conductive compositions. The different grades from the various processes have certain unique characteristics, but it is now possible to produce reasonable approximations of most of these grades by the oil-furnace process. Since over 95% of the total output of carbon black is produced by the oil-furnace process, this article emphasizes this process (1).



History of Carbon Black Manufacture Carbon blacks’ use as a pigment dates back to prehistoric times. Wall paintings from Paleolithic caves are the earliest known use. The Egyptians used carbon black to pigment paints and lacquers. In China, about 3000 BC, carbon black for pigment use was made by burning vegetable oils in small lamps and collecting the carbon on a ceramic lid. Prior to 1870 the dominant carbon black manufacture was by the lampblack process where oil from animal or vegetable sources was burned in a shallow pan with a restricted air supply. Starting in 1870, natural gas began to be used as the feedstock for carbon black manufacture. The resulting blacks were much darker and better covering than lampblacks. Over a couple of decades, the channel process was developed in which small gas ﬂames burning in restricted air supply impinged on iron channels. The black adhered to the cool channel surface and was recovered by scraping it from the channel. Carbon yields were poor—a few percent. In part this was from the inefﬁciency of methane as a feedstock, but it also reﬂects the very poor capture efﬁciency of the early channel black process. Reportedly the smoke plumes from channel black plants could be seen for 50 miles. The last channel black plant in the United States was closed in 1976. Two plants remain in the former Soviet Union, and a related but much evolved process is still operated in Germany. A critical event in the development of the carbon black industry was the discovery of the beneﬁts of carbon black as a reinforcing agent for rubber in 1904 (4). As the automobile became ubiquitous during the decade of the twenties, the application in pneumatic tires grew rapidly and soon by-passed other applications, causing rapid growth in consumption. During the 1920s, two other processes were introduced, both using natural gas as feedstock, but having better yields and lower emissions than the channel process. One was the thermal black process in which a brick checker-work alternately absorbs heat from a natural gas air ﬂame, and then gives up heat to crack natural gas to carbon and hydrogen. The other process was the gas-furnace process which is no longer practiced. The oil-furnace process was ﬁrst introduced by Phillips Petroleum at its plant in Borger, Texas, in 1943. This process rapidly replaced all others for the
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production of carbon black for use in rubber. In this process fuel is burned with air in a primary combustion ﬂame which contains excess air. A heavy, highly aromatic oil is then atomized in the hot gases leaving the primary combustion ﬂame. A portion of the oil is burned by the excess oxygen, providing the heat to maintain temperature and pyrolyze the remainder of the oil. In a modern version of the oil-furnace process, carbon yields range from 65% downward, depending on the surface area of the product. Product recovery is essentially 100% as a result of high efﬁciency bag ﬁlters. The overwhelming majority of carbon black reactors today are based on the oil-furnace process. The wide adoption of radial tires during the decades of the 1970s and 1980s caused a major contraction in demand for blacks for tire use as the expected life of an automobile tire moved from 20,000 miles with bias ply tires to over 40,000 miles with radial tires. This brought about considerable consolidation in the carbon black industry, particularly in North America and Europe.



Properties and Characterization The structure of carbon black is schematically shown in Figure 1. The primary dispersable unit of carbon black is referred as an “aggregate,” which is a discrete,



Fig. 1. Structure of carbon black.
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rigid colloidal entity. It is the functional unit in well-dispersed systems. The aggregate is composed of spheres that are fused together for most carbon blacks. These spheres are generally termed as primary “particles” or “nodules.” These nodules are composed of many tiny graphite-like stacks. Within the nodule the stacks are oriented so that their c-axis is normal to the sphere surface, at least near the nodule surface. The carbon blacks are characterized by their chemical compositions, microstructure, morphologies, and the physical chemistry of the surface. Morphology is a set of properties related to the average magnitude and frequency distribution of the nodule diameter, aggregate diameter, and the way nodules are connected in the aggregates. Chemical Composition. Oil-furnace blacks used by the rubber industry contain over 97% elemental carbon. Thermal and acetylene black consist of over 99% carbon. The ultimate analysis of rubber-grade blacks is shown in Table 1. The elements other than carbon in furnace black are hydrogen, oxygen, sulfur, and nitrogen. In addition there are mineral oxides, salts, and traces of adsorbed hydrocarbons. The hydrogen and sulfur are distributed on the surface and the interior of the aggregates. The oxygen content is located on the surface of the aggregates as Cx Oy complexes. Since carbon blacks are produced from hydrocarbon materials, the dangling bonds at the edges of the basal planes of graphitic layers are saturated mostly by hydrogen. The graphitic layers are large polycyclic aromatic ring systems. Oxygen-containing complexes are by far the most important surface groups. The oxygen content of carbon blacks varies from 0.2–1.5% for furnace blacks to 3–4% for channel blacks. Some speciality blacks used for pigment purposes contain larger quantities of oxygen than normal furnace blacks. These blacks are made by oxidation in a separate process step using nitric acid, ozone, air, or other oxidizing agents. They may contain from 2 to 12% oxygen. The oxygen-containing groups inﬂuence the physicochemical properties, such as chemical reactivities, wettability, catalytic, electrical properties, and adsorbability. Oxidation improves dispersion and ﬂow characteristics in pigment vehicle systems such as lithographic inks, paints, and enamels. In rubber-grade blacks surface oxidation reduces pH and changes the kinetics of vulcanization, making the rubber compounds less scorchy and slower curing. A convenient method for assessing the extent of surface oxidation is the measurement of volatile content. This standard method measures the weight loss of the evolved gases on heating up from 120 to 950◦ C in an inert atmosphere. Table 1. Chemical Composition of Carbon Blacks Type Furnace rubbergrade Medium thermal Acetylene black



Carbon, %



Hydrogen, Oxygen, % %



Sulfur, %



Nitrogen, %



Ash, %



Volatile, %



97.3–99.3 0.20–0.80 0.20–1.50 0.20–1.20 0.05–0.30 0.10–1.00 0.60–1.50



99.4



0.30–0.50 0.00–0.12 0.00–0.25



NA



0.20–0.38



99.8



0.05–0.10 0.10–0.15 0.02–0.05



NA



0.00
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