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Introduction

   A number of studies have been reported in the literature related to the water vapor adsorption mechanism and isotherms on activated carbon [1,2]. However, few research works on multicomponent adsorption under humid conditions have been studied [3,4]. Competitive adsorption between water vapor and organics can be considered a special case of multicomponent adsorption, because water vapor is nearly always present in gas streams and it exhibits much different adsorption characteristics on activated carbon than organics. Therefore, it is important to understand water vapor adsorption and its effects on activated carbon for the design and operation of adsorption processes. This research examines the effects of humid air on the adsorption dynamics in a fixed-bed column charged with a Cu/Cr/Ag impregnated activated carbon.

Theoretical Model 

The mathematical model for the process is a isothermal, dynamic-column adsorption process. The model adopted here utilizes the hybrid isotherm equation and a linear driving force (LDF) rate model to simplify the mass transfer inside adsorbent particles. Ideal gas law was also applied for the gas phase. The component mass balance can be expanded for a isothermal, isobaric process to give; 
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Mass transfer rates is expressed as a LDFA model:
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The boundary conditions employed correspond to the Dankwert’s boundary conditions for the closed-closed system with no dispersion to the immediate left of  z=0 and to the immediate right of z=L. These coupled parabolic second-order partial differential equations, Eqs. (1) and (2), cannot be analytically. Therefore numerical methods have been generally employed. In this work, the coupled PDEs were first reduced to a set of ODEs by an orthogonal collocation method, and resultant ODEs were integrated with respect to time by using the subroutine LSODI. The linear algebraic equations arising from the discretized overall material balance was efficiently solved using LU-decomposition. 

Results and Discussion

   Fig. 1 shows the adsorption capacity of water vapor measured at 308.15 K. The adsorption isotherms of water vapor on impregnated activated carbon was of Type V, according to Brunauer’s classification[4]. Isotherms play an important role in the prediction and design of adsorption systems. Thus, the careful selection of a single component isotherm depends on the concept of the accuracy and thermodynamic consistency of an isotherm model. The accuracy of an isotherm model is a function of the number of independent parameters. However, its popularity in relation to the process application is a function of mathematical simplicity. Only a few of many available isotherm models may be applied to water vapor adsorption, such as the well-known Dubinin-Serpinski (DS) equation. The original DS equation describes water vapor adsorption for the relative vapor pressure range from 0.0 to 0.6. Barton et al. extended it over the entire range of vapor pressure using an empirical four-parameter nonlinear equation. These isotherms have limitation for the analysis of adsorption dynamics, whereas the modified isotherm proposed by Qi et al. [5] has the advantages of expressing q explicitly as a function of P/P0 , containing three isotherm parameters (q0, k and P50) 
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The plot of Eq. (3) exhibits a characteristic S shape with P50 at q/q0=0.5 as an inflection point. The determined values by a nonlinear fitting method are q0=0.304, k=8.136, and P50/P0=0.586. The solid line in Figure 1 is the prediction result by Eq.(3) using these isotherm parameters. Fig. 2 shows the adsorption isotherm of acetone in terms of temperatures.

Fig. 1. Adsorption isotherm of water vapor.   Fig. 2. Adsorption isotherm of acetone.

   Our ultimate goal of this study is for the prediction of multicomponent column  dynamics of between water vapor and organic gases on impregnated activated carbon adsorbent. In general, the isotherm types of both organic gases and water vapor on activated carbon are different. The former isotherm is favorable and the letter one is “S” shape isotherm. Thus, it is quite difficult how to combine each isotherm. For this purpose, multicomponent equilibium model should be required. There are a lot of models of multicomponent equilibria such as extended Langmuir equation, vacancy solution model, ideal adsorbed solution theory (IAST), and real adsorbed solution theory (RAST). Among them, IAST has been widely used for many adsorption systems since it has the advantages of goodness-of-fit isotherm data of multicomponent adsorption equilibria and only single-species isotherm parameters are needed in calculation procedure. The following equation is one of the governing equations for IAST as a candidate model for the multicomponent equilibrium prediction of water and organic vapors. In order to calculate multicomponent equilibria, the following equation should be evaluated. 
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Eq.(4) can be evaluated for the DS-1 and DS-2 [2] as follows;
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while it was impossible for DS-3 and Eq. (1). Although Eq. (1) has some advantages for the description of water vapor isotherm, it is impossible for the calculation of multicomponent equilibria.

Fig. 3. Breakthrough curves of CCl4 and acetone in terms of column length.
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Fig. 4. Breakthrough curves of water vapor  Fig. 5. Binary breakthrough curves of 

in terms of humidity (RH=20, 40, 65%).
        water and CCl4 at RH=35%.

Fig. 3 and 4 show the single-species breakthrough curves of acetone, CCl4, and water vapor. Fig. 5 show the binary breakthrough curve of water/carbon tetrachloride in impregnated activated carbon adsorber preloaded with water vapor at RH=70%. As one can be expect, the binary adsorption breakthrough curves are typical pattern under two different humidity conditions of RH =35% and RH=50%. However, the binary breakthrough curves of water/acetone vapors at RH=35% and somewhat lower RH=25%, showed abnormal behaviors. It was believed that carbon tetrachloride is coadsorbed after saturation stage based on the fact that acetone is water-soluble whereas carbon tetrachloride is water-insoluble. Further studies on multicomponent equilibria will be continued for precise quantitative prediction of the competitive adsorption phenomena between water vapor and organic chemicals of carbon tetrachloride and acetone by employing coadsorption theory. 
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Figure-humidity
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Figure-ac-water
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EXP-dat

		

		Experimental Conditions

		Date		19-Aug-00

		Adsorbent		IAC								Anaysis		GC

		Adsorbate		acetone-water(45%)		89.7		58.82-18.02				Detector		TCD

		Vap. Temp		35		oC		Acetone				Carrier		He

		Antonie_a		8.1077		[-]		7.0245				Flow rate		30		ml/min

		Antonie_b		1750.29		[-]		1161				Col. Temp.		140		oC

		Antonie_c		235		[-]		224				Injct. Temp.		160		oC

		Vap. Press.		42.1836781167		mmHg		348.2366829337				Detec. Temp		160		oC

		Col. Temp		30(35)		oC

		Col. ID		1		Cm

		Col. Length		10		Cm

		V1(Carrier)		117		ml/min		눈금:61-25		Total(ml/min)

		V2(Water)		74		ml/min		눈금: 0.85		293.828

		V3(acetone)		67.7		ml/min		눈금:10-8		Real(ml/min)

		V4(Sorb-W)		4.107		ml/min				258.700

		V5(Sorb-A)		31.021		ml/min

		Break time		100		min

		w		4.005		g

		Co(water)		0.013978788		ppm

		Co(Acetone)		0.1055738939		ppm

		Co(water)		0.553		mol/m3

		Co(Acetone)		4.178		mol/m3

		q(BTT)		23.981		mol/kg

		q(balance)		25.164		mol/kg		흡착량		1.767

		Time		C/Co		Area								36		47		0		51.2

		[min]		[-]		[-]								37		47.8		2		50.2

		0		0.000		0								40		48.4		4		46.7

		4		0.021		12067								42		49.7		6		41.6

		10		0.001		451								44		50.7		8		37.9

		14		0.019		11222								47		51.7		10		33.8

		16		0.013		7525								49		52.8		12		33.4

		21		0.778		448330								51		53.6		13		34

		23		0.851		490386								56		55.7		14		36.9

		28		0.941		542440								60		56.8		15		44.1

		35		0.977		563033								65		58.6		16		50.2

		40		0.990		570799								70		60.1		17		53.7

		45		0.992		571511								75		61		18		66.9

		50		0.997		574765								80		62.1		19		67.9

		60		0.992		571565								85		62.9		20		71.7

		80		0.945		544720								90		63.9		21		68

		100		0.882		508070								95		64.9		22		58.2

		105		0.864		498005								100		66		23		56.3

		110		0.836		481618								105		67		25		48.9

		120		0.821		473463								110		68		27		47

		125		0.804		463447								115		68.9		29		45.4

		132		0.795		458136								120		69		30		45.2

		137		0.789		454740								126		69.9		32		45.2

		142		0.792		456217								130		70.1		33		45.4

		147		0.795		458206								135		70.8		34		45.8

		152		0.803		462535								140		71.6		35		46.5

		157		0.800		461041								145		72.3

		162		0.802		461994								150		73

		170		0.793		456808								158		74

		177		0.792		456579								161		74.3

		183		0.754		434819								169		75

		188		0.763		439831								175		75.9

		195		0.758		437096								182		76.6

		202		0.747		430398								187		77

		212		0.745		429200								193		77.5

		222		0.745		429475								200		78.2

		230		0.714		411380								205		78.5

		240		0.713		411202								212		79.3

		250		0.688		396699								217		79.6

		262		0.688		396699								222		79.9

		270		0.671		386596								227		80.4

		285		0.719		414304								230		80.5

		300		0.744		429079								235		80.7

		305		0.761		438604								240		81

		315		0.779		448919								246		81.7

		322		0.781		450258								253		82

		330		0.784		452097								258		82.2

		340		0.785		452493								262		82.3

		350		0.790		455373								270		82.9

		360		0.794		457576								285		83.9

														300		84.4

														305		84.9

														310		85.4

														322		85.7

														330		86.1

														340		86.6

														350		87

														360		87.7
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Data-humidity

		

		Time		C/Co		Area				Time		C/Co		Area

		[min]		[-]		[-]				[min]		[-]		[-]

		0		0.000		0				0		0.000		0				0		1

		1		2.626		89.3				5		0.000		0				60		1

		2		2.576		87.6				18		0.000		0				120		1

		3		2.276		77.4				28		0.35						150		1

		4		2.191		74.5				38		0.746		331544

		5		2.109		71.7				43		0.734		326238

		6		2.056		69.9				60		0.832		369755

		7		1.962		66.7				64		0.791		351371

		8		1.776		60.4				82		0.903		401297

		9		1.694		57.6				100		0.865		384156

		10		1.503		51.1				120		1.000		444278

		11		1.309		44.5				140		0.907		403140

		12		1.212		41.2				160		1.000		444278

		13		1.138		38.7

		14		1.106		37.6

		15		1.074		36.5

		16		1.056		35.9

		17		1.074		36.5

		19		1.309		44.5

		20		1.385		47.1

		21		1.479		50.3

		22		1.568		53.3

		23		1.638		55.7

		24		1.694		57.6

		25		1.818		61.8

		26		1.894		64.4

		27		2.026		68.9

		28		2.082		70.8

		29		2.135		72.6

		30		2.215		75.3

		31		2.265		77

		32		2.291		77.9

		33		2.321		78.9

		34		2.356		80.1

		35		2.365		80.4

		36		2.344		79.7

		37		2.335		79.4

		37		2.335		79.4

		38		2.191		74.5

		39		2.124		72.2

		40		2.074		70.5

		41		1.985		67.5

		42		1.912		65

		43		1.835		62.4

		44		1.794		61

		45		1.726		58.7

		46		1.697		57.7

		47		1.671		56.8

		48		1.641		55.8

		49		1.615		54.9

		50		1.576		53.6

		52		1.553		52.8

		54		1.524		51.8

		56		1.497		50.9

		58		1.459		49.6

		60		1.444		49.1

		62		1.415		48.1

		64		1.397		47.5

		66		1.376		46.8

		68		1.365		46.4

		70		1.359		46.2

		72		1.335		45.4

		74		1.324		45

		76		1.312		44.6

		78		1.300		44.2

		80		1.288		43.8

		85		1.250		42.5

		90		1.221		41.5

		95		1.191		40.5

		100		1.168		39.7

		105		1.138		38.7

		110		1.121		38.1

		120		1.088		37

		130		1.062		36.1

		140		1.038		35.3

		160		1.000		34
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Sheet1

		Experimental Conditions

		Date		10-Aug-00

				20~25%						40~45%						65~70%

		Time		Relative humidity				Time		Relative humidity				Time		Relative humidity

		[min]		%				[min]		%				[min]		%

		0		22.9				5		27				1		52.4

		1		22.4				10		13.8				3		34.1

		3		22.0				15		13.1				4		27.9

		4		21.5				22		12.4				5		24.5

		5		20.7				30		12.1				6		21.6

		6		19.7				41		11.5				8		18.1

		8		17.9				49		12				12		15.3

		11		16.0				51		12.5				14		14.9

		14		14.6				52		13				15		15.1

		15		13.9				54		13.7				16		15.9

		16		13.7				56		14.5				17		17.1

		17		13.5				58		15.5				19		18.6

		19		13.1				65		18.5				21		20.6

		21		12.8				70		20.2				23		22.7

		23		12.5				74		21.5				24		23.8

		24		12.2				76		22				26		25.7

		26		11.6				78		22.5				27		26.6

		27		11.3				80		23.5				29		27.8

		29		11.2				82		23.7				32		29.9

		34		10.9				86		25				33		30.5

		36		10.7				95		27.2				34		31.1

		37		10.6				102		28.6				36		32.0

		39		10.6				107		29.5				37		32.7

		40		10.4				112		30.5				39		33.5

		42		10.5				129		32.7				40		33.9

		45		10.5				148		34.8				41		34.5

		47		10.3				150		35				42		35.0

		48		10.2				162		36.1				43		35.7

		50		10.1				173		37.1				46		36.5

		53		9.8				175		37.2				49		37.5

		55		9.7				177		37.2				53		38.4

		57		9.6				181		37.7				58		40.3

		60		9.6				183		37.7				61		41.0

		63		9.7				186		37.7				63		41.5

		65		9.8				190		38.2				66		42.0

		66		9.9				192		38.3				69		42.6

		68		10.2				195		38.4				71		43.0

		69		10.4				198		38.5				76		43.8

		70		10.6				205		39.1				78		44.0

		71		10.8				215		39.4				80		44.5

		72		11.1				225		40.1				84		45.1

		73		11.4				228		40.2				86		45.5

		75		11.6				250		40.8				91		46.0

		76		12.0				259		41				94		46.4

		78		12.4				280		41				98		46.7

		81		12.9				291		41.5				100		47.0

		82		13.0				307		41.7				103		47.3

		83		13.2				310		41.7				105		47.7

		84		13.4				323		42				110		48.4

		85		13.5				327		42				117		49.0

		86		13.8				360		42				120		49.2

		88		13.9				362		42				125		49.8

		89		14.1				366		42				128		50.1

		90		14.5				368		42				133		50.5

		92		14.8				400		42				142		51.0

		95		15.1				416		42.5				145		51.7

		97		15.4				418		42.6				154		52.0

		100		15.6				423		42.6				159		52.5

		102		15.8				449		43				163		52.7

		103		16.0				467		43.1				170		53.2

		105		16.2				483		43.3				176		53.5

		108		16.5				506		43.7				180		53.6

		110		16.6				522		43.7				182		53.7

		111		16.7										185		53.9

		112		16.9										188		54.0

		113		17.0										192		54.2

		116		17.2										195		54.3

		118		17.4										200		54.5

		120		17.6										203		54.8

		124		17.6										207		55.0

		125		17.7										210		55.1

		128		18.0										215		55.2

		130		18.1										223		55.5

		135		18.5										227		55.8

		142		18.6										229		56.0

		146		18.7										235		56.2

		150		18.9										238		56.4

		155		19.0										240		56.4

		160		19.1										244		56.4

		167		19.2										247		56.6

		171		19.2										249		56.7

		178		19.3										253		56.7

		182		19.5										255		56.8

		186		19.5										258		57.0

		190		19.5										260		57.1

		195		19.5										262		57.1

		200		19.6										264		57.2

		205		19.7										270		57.3

		212		19.7										277		57.5

		215		19.9										279		57.7

		220		19.9										280		57.7

		223		20.1										287		57.7

		226		20.2										291		57.8

		231		20.3										294		57.9

		235		20.3										297		58.1

		240		20.3										303		58.1

		245		20.3										308		58.2

		250		20.4										315		58.5

		255		19.8										318		58.6

		260		20.8										320		58.6

		262		20.9										328		58.6

		267		20.8										331		58.7

		270		20.8										334		58.8

		272		20.9										340		58.8

		275		20.9										345		59.1

		280		20.7										350		59.3

		285		20.8										356		59.7

		290		20.5										360		60.0

		306		20.5										364		60.3

		310		20.4										370		60.6

		320		20.4										372		60.7

		325		20.5										375		60.8

		330		20.5										380		60.9

		335		20.5										380		60.9

		340		20.5										387		61.1

		345		20.5										390		61.4

		350		20.5										400		61.5

		355		20.2										418		62.0

		360		20.4										435		62.6

		365		20.3										455		63.0

		370		20.4										463		63.5

		375		20.4										490		64.0

		380		20.3										500		64.5

		385		20.4

		390		20.4

		395		20.3

		400		20.4

		405		20.3

		410		20.3

		413		20.1

		418		20.4

		420		20.3

		430		20.3

		435		20.3

		440		20.3

		445		20.2

		468		20.1

		475		20.3

		480		20.2

		490		20.2

		495		20.2

		497		20.2

		505		20.2

		515		20.1

		532		20.2





Sheet2

												Experimental Conditions

		Date		5-Aug-00						Date		2-Aug-00						Date		10-Aug-00

		Adsorbent		IAC						Adsorbent		IAC						Adsorbent		IAC

		Adsorbate		water		18.02				Adsorbate		water		18.02				Adsorbate		water		18.02

		Vap. Temp		35		oC				Vap. Temp		35		oC				Vap. Temp		35		oC

		Antonie_a		8.1077		[-]				Antonie_a		8.1077		[-]				Antonie_a		8.1077		[-]

		Antonie_b		1750.29		[-]				Antonie_b		1750.29		[-]				Antonie_b		1750.29		[-]

		Antonie_c		235		[-]				Antonie_c		235		[-]				Antonie_c		235		[-]

		Vap. Press.		42.18		mmHg				Vap. Press.		42.18		mmHg				Vap. Press.		42.18		mmHg

		Col. Temp		38		oC				Col. Temp		30(35)		oC				Col. Temp		30(35)		oC

		Col. ID		1		Cm				Col. ID		1		Cm				Col. ID		1		Cm

		Col. Length		11.7		Cm				Col. Length		11.7		Cm				Col. Length		11.7		Cm

		V1(Carrier)		115		ml/min		눈금:61-25		V1(Carrier)		115		ml/min				V1(Carrier)		115		ml/min		눈금:61-25

		V2(Evapor)		125		ml/min		눈금:1.4		V2(Evapor)		50		ml/min				V2(Evapor)		20		ml/min		눈금:7.5

		V3(Sorbent)		6.938		ml/min				V3(Sorbent)		2.775		ml/min				V3(Sorbent)		1.110		ml/min

		Break time		45		min				Break time		45		min				Break time		45		min		15798

		w		4.984		g				w		4.984		g				w		4.997		g		20567

		Co		0.0000000281		ppm				Co		0.0000000165		ppm				Co		0.0000000082		ppm		17671

		Co		1.112		mol/m3				Co		0.655		mol/m3				Co		0.323		mol/m3		17886

		q		2.409		mol/kg				q		0.975		mol/kg				q		0.392		mol/kg		16744

		q(balance)		8.985		0.807				q(balance)		3.016						q(balance)		0.931		0.084		10033

		2nd								1st								1st						10101

		vent				158545				vent				88707				Vent		22.9

		Time		C/Co		Area				Time		C/Co		Area				Time		C/Co		Area		Relative humidity

		[min]		[-]		[-]		68%		[min]		[-]		[-]		45.4		[min]		[-]		[-]		%

		0		0.000!		0				0		0.000!		0				0		0.000!		0		22.9

		10		0.145!		22982		16		10		0.155!		13778		13.8		10		0.420!		15798		16.2

		14		0.122!		19281		15		15		0.132!		11753		13.1		16		0.547!		20567		13.7

		18		0.188!		29784		18		22		0.112!		9946		12.4		21		0.470!		17671		12.8

		20		0.174!		27650		20		30		0.101!		8920		12.1		25		0.476!		17886		11.7

		22		0.207!		32761		23		41		0.092!		8123		11.5		30		0.446!		16744		11.2

		29		0.270!		42764		28		49		0.118!		10442		12		35		0.267!		10033		10.9

		33		0.297!		47107		31		51		0.131!		11645		12.5		40		0.269!		10101		10.6

		38		0.283!		44881		33		52		0.141!		12464		13		48		0.263!		9891		10.4

		45		0.263!		41669		36		54		0.159!		14099		13.7		60		0.260!		9784		9.6

		58		0.388!		61583		40		56		0.169!		14981		14.5		63		0.280!		10515		9.7

		74		0.353!		55891		44		58		0.188!		16708		15.5		69		0.351!		13199		10.4

		76		0.359!		56982		44		65		0.244!		21643		18.5		75		0.509!		19125		11.6

		78		0.402!		63750		44		70		0.272!		24116		20.2		81		0.443!		16642		12.9

		84		0.495!		78467		45		74		0.279!		24765		21.5		91		0.622!		23380		14.6

		101		0.518!		82059		47		76		0.275!		24436		22		100		0.859!		32295		15.6

		110		0.474!		75177		48		78		0.318!		28253		22.5		108		0.885!		33271		16.5

		113		0.527!		83584		49		80		0.311!		27618		23.5		115		0.627!		23568		17.2

		120		0.532!		84408		49		82		0.315!		27965		23.7		118		0.764!		28701		17.4

		142		0.530!		84090		51		86		0.328!		29130		25		120		0.779!		29266		17.5

		145		0.463!		73466		51		95		0.424!		37571		27.2		122		0.804!		30206		17.5

		150		0.565!		89499		52		102		0.400!		35463		28.6		131		0.805!		30270		18.1

		160		0.575!		91172		53		107		0.543!		48211		29.5		140		0.946!		35569		18.5

		170		0.452!		71634		53		112		0.556!		49298		30.5		150		0.845!		31758		18.9

		172		0.546!		86581		53		129		0.588!		52188		32.7		160		0.864!		32461		19.1

		180		0.543!		86065		54		148		0.522!		46330		34.8		170		0.865!		32494		19.2

		182		0.530!		84041		54		150		0.528!		46853		35		181		0.882!		33135		19.3

		185		0.541!		85792		54		162		0.635!		56311		36.1		191		0.852!		32027		19.4

		195		0.584!		92643		54		173		0.570!		50606		37.1		212		0.679!		25513		19.7

		215		0.515!		81720		55		175		0.597!		52995		37.2		214		0.892!		33517		19.7

		220		0.495!		78402		55		177		0.679!		60245		37.2		224		0.850!		31947		20.1

		222		0.498!		78883		55		181		0.592!		52558		37.7		226		1.141!		42875		20.2

		240		0.578!		91665		56		183		0.670!		59470		37.7		250		1.093!		41079		20.4

		244		0.567!		89832		57		186		0.693!		61501		37.7		260		0.818!		30735		19.7

		247		0.552!		87554		57		190		0.658!		58390		38.2		264		0.825!		31005		20.2

		260		0.584!		92556		57		192		0.697!		61789		38.3		292		0.747!		28075		20.5

		262		0.544!		86301		57		195		0.689!		61099		38.4		307		0.885!		33261		20.5

		287		0.545!		86447		58		198		0.742!		65794		38.5		330		0.835!		31392		20.5

		289		0.469!		74382		58		205		0.760!		67420		39.1		350		1.027!		38584		20.5

		300		0.551!		87418		58		215		0.744!		65959		39.4		380		0.878!		33014		20.3

		315		0.627!		99480		59		225		0.737!		65402		40.1		410		0.649!		24397		20.3

		340		0.610!		96751		59		228		0.765!		67856		40.2		430		0.927!		34830		20.3

		350		0.515!		81616		59		250		0.737!		65376		40.8		440		0.918!		34491		20.3

		360		0.652!		103446		60		259		0.763!		67678		41		460		0.981!		36856		20.2

		375		0.666!		105569		61		280		0.690!		61252		41		480		0.994!		37345		20.2

		378		0.630!		99896		61		291		0.620!		55035		41.5		497		0.990!		37193		20.2

		387		0.673!		106691		61		307		0.613!		54418		41.7		515		1.000!		37584		20.2

		410		0.703!		111437		62		310		0.756!		67073		41.7		532		0.962!		36149		20.2

		420		0.717!		113608		62		323		0.755!		66988		42

		440		0.692!		109679		63		327		0.786!		69757		42

		450		0.686!		108684		63		360		0.622!		55136		42

		470		0.699!		110845		64		362		0.725!		64320		42

		480		0.727!		115230		64		366		0.621!		55054		42

		500		0.742!		117705		65		368		0.661!		58610		42

										400		0.773!		68558		42

										416		0.635!		56297		42.5

										418		0.779!		69075		42.6

										423		0.809!		71740		42.6

										449		0.792!		70283		43

										467		0.625!		55439		43.1

										483		0.777!		68935		43.3

										506		0.774!		68632		43.7

										522		0.826!		73251		43.7
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