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Academia.edu uses cookies to personalize content, tailor ads and improve the user experience. By using our site, you agree to our collection of information through the use of cookies. To learn more, view our Privacy Policy. Gas equation of state which accounts for non-ideal gas behavior This article has multiple issues. Please help improve it or discuss
these issues on the talk page. (Learn how and when to remove these template messages) This article needs additional citations for verification. Please help improve this article by adding citations to reliable sources. Unsourced material may be challenged and removed.Find sources: "Van der Waals equation" — news - newspapers - books - scholar -
JSTOR (June 2015) (Learn how and when to remove this template message) This scientific article needs additional citations to secondary or tertiary sources such as review articles, monographs, or textbooks. Please add such references to provide context and establish the relevance of any primary research articles cited. Unsourced or poorly sourced
material may be challenged and removed. (April 2020) (Learn how and when to remove this template message) This article needs attention from an expert in Physics or Chemistry. The specific problem is: the derivations are unsourced, and the text needs review by a physical chemistry expert to determine attribution of content. See the talk page for
details. WikiProject Physics or WikiProject Chemistry may be able to help recruit an expert. (June 2015) (Learn how and when to remove this template message) In chemistry and thermodynamics, the Van der Waals equation (or Van der Waals equation of state) is an equation of state which extends the ideal gas law to include the effects of interaction
between molecules of a gas, as well as accounting for the finite size of the molecules. The ideal gas law treats gas molecules as point particles that interact with their containers but not each other, meaning they neither take up space nor change kinetic energy during collisions (i.e. all collisions are perfectly elastic).[1] The ideal gas law states that the
volume V occupied by n moles of any gas has a pressure P at temperature T given by the following relationship, where R is the gas constant: PV = n R T {\displaystyle PV=nRT} To account for the volume occupied by real gas molecules, the Van der Waals equation replaces V / n {\displaystyle V/n} in the ideal gas law with (V m — b ) {\displaystyle
(V_{m}-b)} , where Vm is the molar volume of the gas and b is the volume occupied by the molecules of one mole:[1] P (Vm — b ) = R T {\displaystyle P(V_{m}-b)=RT} Van der Waals equation on a wall in Leiden The second modification made to the ideal gas law accounts for interaction between molecules of the gas. The Van der Waals equation
includes intermolecular interaction by adding to the observed pressure P in the equation of state a term of the form a / V m 2 {\displaystyle a/V_{m}~{2}} , where a is a constant whose value depends on the gas. The complete Van der Waals equation is therefore:[1](P+a1Vm2)(Vm — b ) = RT {\displaystyle \left(P+a{\frac {1}

{V_ {m}~{2}}}\right)(V_{m}-b)=RT} For n moles of gas, it can also be writtenas: (P+an2V2)(V —-nb)=nRT {\displaystyle \left(P+a{\frac {n"{2}}{V~{2}} }\right)(V-nb)=nRT} When the molar volume Vm is large, b becomes negligible in comparison with Vm, a/Vm2 becomes negligible with respect to P, and the Van der Waals equation
reduces to the ideal gas law, PVm=RT.[1] This equation approximates the behavior of real fluids above their critical temperatures and is qualitatively reasonable for their liquid and low-pressure gaseous states at low temperatures. However, near the phase transitions between gas and liquid, in the range of p, V, and T where the liquid phase and the
gas phase are in equilibrium, the Van der Waals equation fails to accurately model observed experimental behavior. In particular, p is a constant function of V at given temperatures in these regions. As such, the Van der Waals model is not useful for calculations intended to predict real behavior in regions near critical points. Corrections to address
these predictive deficiencies include the equal area rule and the principle of corresponding states. The equation was named for its developer, the Dutch physicist Johannes Diderik van der Waals. Overview and history This section needs expansion with: a proper lay explanation of the equation and the history and context of its discovery. You can help
by adding to it. (June 2015) The Van der Waals equation is a thermodynamic equation of state based on the theory that fluids are composed of particles with non-zero volumes, and subject to a (not necessarily pairwise) inter-particle attractive force.[citation needed] It was based on work in theoretical physical chemistry performed in the late 19th
century by Johannes Diderik van der Waals, who did related work on the attractive force that also bears his name.[citation needed] The equation is known to be based on a traditional set of derivations deriving from Van der Waals' and related efforts,[citation needed] as well as a set of derivation based in statistical thermodynamics,[citation needed]
see below. Van der Waals' early interests were primarily in the field of thermodynamics, where a first influence was Rudolf Clausius's published work on heat in 1857; other significant influences were the writings by James Clerk Maxwell, Ludwig Boltzmann, and Willard Gibbs.[2] After initial pursuit of teaching credentials, Van der Waals'
undergraduate coursework in mathematics and physics at the University of Leiden in the Netherlands led (with significant hurdles) to his acceptance for doctoral studies at Leiden under Pieter Rijke. While his dissertation helps to explain the experimental observation in 1869 by Irish professor of chemistry Thomas Andrews (Queen's University
Belfast) of the existence of a critical point in fluids,[3][non-primary source needed] science historian Martin J. Klein states that it is not clear whether Van der Waals was aware of Andrews' results when he began his doctorate work.[4] Van der Waals' doctoral research culminated in an 1873 dissertation that provided a semi-quantitative theory
describing the gas-liquid change of state and the origin of a critical temperature, Over de Continuiteit van den Gas-en Vloeistof[-]Jtoestand (Dutch; in English, On the Continuity of the Gas- and Liquid-State); it was in this dissertation that the first derivations of what we now refer to as the Van der Waals equation appeared.[5] James Clerk Maxwell
reviewed and lauded its published content in the British science journal Nature,[6][7] and Van der Waals began independent work that would result in his receipt of the Nobel Prize in 1910, which emphasized the contribution of his formulation of this "equation of state for gases and liquids."[2] Equation Van der Waals isotherms.[citation needed] The
model correctly predicts a mostly incompressible liquid phase, but the oscillations in the phase transition zone do not fit experimental data. Van der Waals isotherms and oscillations, temperatures, T, below and above TC.[citation needed] Shown in this PV diagram are a series of 5 isotherms for temperatures ranging from below (blue) to above (red)
TC (the critical temperature), where the upward arise and downward dip in the isotherm predicted by the Van der Waals equation (the "oscillation", especially evident for the two isotherms for values of T < TC) is evident in the region of the gas-liquid phase transition. The equation relates four state variables: the pressure of the fluid p, the total
volume of the fluid's container V, the number of particles N, and the absolute temperature of the system T. The intensive, microscopic form of the equationis: (p+a’'v2) (v —b ") =k BT {\displaystyle \left(p+{\frac {a'}{v"~ {2} } }\right)\left(v-b\right)=k {\text{B}}T} [2] where v = V / N {\displaystyle v=V/N} is the volume of the container
occupied by each particle (not the velocity of a particle), and kB is the Boltzmann constant. It introduces two new parameters: a’, a measure of the average attraction between particles, and b’, the volume excluded from v by one particle. The equation can be also written in extensive, molar form: (p+n2aV2)(V —-nb ) =n R T {\displaystyle
\left(p+{\frac {n"~{2}a}{V~™ {2} } Nright)\left(V-nb\right)=nRT} [8] or also: p=RTVm — b —a Vm 2 {\displaystyle p={\frac {RT}{V_{m}-b}}-{\frac {a}{V {m}"~{2}}}} where a = N A 2 a’ {\displaystyle a=N {A}~{2}a'} is a measure of the average attraction between particles, b = N A b " {\displaystyle b=N_{\text{A}}b'} is the volume excluded
by a mole of particles, n = N/ N A {\displaystyle n=N/N_{\text{A}}} is the number of moles, R = N A k B {\displaystyle R=N_{\text{A}}k {\text{B}}} is the universal gas constant, kB is the Boltzmann constant, and NA is the Avogadro constant, Vm =V n = v N A {\displaystyle V_{m}={\frac {V}{n}}=vN {A}} is the specific molar volume. Also
the constant a, b can be expressed in terms of the critical constants: a = 27 64 R 2 T ¢ 2 P ¢ {\displaystyle a={\frac {27} {64} }{\frac {R™{2}T {c}"~{2}}{P {c}}}} b=18RTc P c {\displaystyle b={\frac {1}{8}}{\frac {RT {c}}{P {c}}}} And the critical constants can be expressed in terms of a, b: P ¢c = a 27 b 2 {\displaystyle P_{c}={\frac {a}
{27b7{2}}}} Tc =8 a 27 b R {\displaystyle T {c}={\frac {8a}{27bR}}} Vm, c = 3 b {\displaystyle V_{m,c}=3b} A careful distinction must be drawn between the volume available to a particle and the volume of a particle.[according to whom?] In the intensive equation, v equals the total space available to each particle, while the parameter b’ is
proportional to the proper volume of a single particle — the volume bounded by the atomic radius. This is subtracted from v because of the space taken up by one particle.[citation needed] In Van der Waals' original derivation, given below, b' is four times the proper volume of the particle. Observe further that the pressure p goes to infinity when the
container is completely filled with particles so that there is no void space left for the particles to move; this occurs when V = nb.[9] Gas mixture If a mixture of n {\displaystyle n} gases is being considered, and each gas has its own a {\displaystyle a} (attraction between molecules) and b {\displaystyle b} (volume occupied by molecules) values, then a
{\displaystyle a} and b {\displaystyle b} for the mixture can be calculated as m {\displaystyle m} = total number of moles of gas present, for each i {\displaystyle i} , m i {\displaystyle m {i}} = number of moles of gas i {\displaystyle i} present, and x i = m i m {\displaystyle x {i}={\frac {m {i}}{m}}}a=3i=1i=nJj=1li=n(xixjaiaj)
{\displaystyle a=\sum {i=1}"{i=n}\sum {j=1}"{i=n}(x {i}x {j}{\sqrt {a {i}a {j}} D} [10][11]b=Si=1i=n3j=1i=n(xixjbibj) {\displaystyle b=\sum {i=1}"{i=n}\sum {j=1}"{i=n}(x {i}x {j}{\sqrt {b {i}b {j}}})} [10][11] and the rule of adding partial pressures becomes invalid if the numerical result of the equation (p + (n 2
a/V2))(V-nb)=nRT{\displaystyle \left(p+({n"~{2}a}/{V"™ {2} })\right)\left(V-nb\right)=nRT?} is significantly different from the ideal gas equation p V = n R T {\displaystyle pV=nRT} . Reduced form The Van der Waals equation can also be expressed in terms of reduced properties: (Pr+3Vr2)(Vr—13) =8 3 Tr {\displaystyle
\left(P_{r}+{\frac {3}{V_{r}~{2}} Fright)\left(V_{r}-{\frac {1} {3} }\right)={\frac {8}{3}}T {r}} The equation in reduced form is exactly the same for every gas, this is consistent with the Theorem of corresponding states. This yields a critical compressibility factor of 3/8. Reasons for modification of ideal gas equation: The equation state for ideal
gas is PV=RT. In the derivation of ideal gas laws on the basis of kinetic theory of gases some assumption have been made. Compressibility factor The compressibility factor for the Van der Waals equationis: Z=PVm RT=VmVm — b — aVmRT {\displaystyle Z={\frac {PV_{m}}{RT}}={\frac {V_ {m}}{V {m}-b}}-{\frac {a}{V_{m}RT}}} Orin
reduced form by substitution of Pr=P/Pc,Tr=T/Tc,Vr=Vm/Vc {\displaystyle P {r}=P/P {c}, T {r}=T/T {c},V {r}=V {m}/V {c}}:Z=VrVr—-13-98VrTr {\displaystyle Z={\frac {V_{r}}{V _{r}-{\frac {1}{3}}}}-{\frac {9} {8V {r}T {r}}}} At the critical point: Zc=PcVcRTc=38=0.375 {\displaystyle Z {c}={\frac

{P {c}V {c}}{RT {c}}}={\frac {3}{8}}=0.375} Validity The Van der Waals equation is mathematically simple, but it nevertheless predicts the experimentally observed transition between vapor and liquid, and predicts critical behaviour.[12]:289 It also adequately predicts and explains the Joule-Thomson effect (temperature change during
adiabatic expansion), which is not possible in ideal gas. Above the critical temperature, TC, the Van der Waals equation is an improvement over the ideal gas law, and for lower temperatures, i.e., T < TC, the equation is also qualitatively reasonable for the liquid and low-pressure gaseous states; however, with respect to the first-order phase transition,
i.e., the range of (p, V, T) where a liquid phase and a gas phase would be in equilibrium, the equation appears to fail to predict observed experimental behaviour, in the sense that p is typically observed to be constant as a function of V for a given temperature in the two-phase region. This apparent discrepancy is resolved in the context of vapour-
liquid equilibrium: at a particular temperature, there exist two points on the Van der Waals isotherm that have the same chemical potential, and thus a system in thermodynamic equilibrium will appear to traverse a straight line on the p-V diagram as the ratio of vapour to liquid changes. However, in such a system, there are really only two points
present (the liquid and the vapour) rather than a series of states connected by a line, so connecting the locus of points is incorrect: it is not an equation of multiple states, but an equation of (a single) state. It is indeed possible to compress a gas beyond the point at which it would typically condense, given the right conditions, and it is also possible to
expand a liquid beyond the point at which it would usually boil. Such states are called "metastable" states. Such behaviour is qualitatively (though perhaps not quantitatively) predicted by the Van der Waals equation of state.[13] However, the values of physical quantities as predicted with the Van der Waals equation of state "are in very poor
agreement with experiment", so the model's utility is limited to qualitative rather than quantitative purposes.[12]:289 Empirically-based corrections can easily be inserted into the Van der Waals model (see Maxwell's correction, below), but in so doing, the modified expression is no longer as simple an analytical model; in this regard, other models,
such as those based on the principle of corresponding states, achieve a better fit with roughly the same work.[citation needed] Even with its acknowledged shortcomings, the pervasive use of the Van der Waals equation in standard university physical chemistry textbooks makes clear its importance as a pedagogic tool to aid understanding
fundamental physical chemistry ideas involved in developing theories of vapour-liquid behavior and equations of state.[14][15][16] In addition, other (more accurate) equations of state such as the Redlich-Kwong and Peng-Robinson equation of state are essentially modifications of the Van der Waals equation of state. Derivation Textbooks in physical
chemistry generally give two derivations of the title equation.[who?] One is the conventional derivation that goes back to Van der Waals, a mechanical equation of state that cannot be used to specify all thermodynamic functions; the other is a statistical mechanics derivation that makes explicit the intermolecular potential neglected in the first
derivation.[citation needed] A particular advantage of the statistical mechanical derivation is that it yields the partition function for the system, and allows all thermodynamic functions to be specified (including the mechanical equation of state).[citation needed] Conventional derivation Consider one mole of gas composed of non-interacting point
particles that satisfy the ideal gas law:(see any standard Physical Chemistry text, op. cit.) p = RT V m . {\displaystyle p={\frac {RT}{V {\mathrm {m} }}}.} Next, assume that all particles are hard spheres of the same finite radius r (the Van der Waals radius). The effect of the finite volume of the particles is to decrease the available void space in
which the particles are free to move. We must replace V by V — b, where b is called the excluded volume (per mole) or "co-volume". The corrected equation becomes p = RT Vm — b . {\displaystyle p={\frac {RT}{V_{\mathrm {m} }-b}}.} The excluded volume b {\displaystyle b} is not just equal to the volume occupied by the solid, finite-sized
particles, but actually four times the total molecular volume for one mole of a Van der waals' gas. To see this, we must realize that a particle is surrounded by a sphere of radius 2r (two times the original radius) that is forbidden for the centers of the other particles. If the distance between two particle centers were to be smaller than 2r, it would mean
that the two particles penetrate each other, which, by definition, hard spheres are unable to do. The excluded volume for the two particles (of average diameter d orradiusr)isb2 " =4n01d3/3 =8 x (4nr 3/3) {\displaystyle b' {2}=4\pi d™~{3}/3=8\times (4\pi r~{3}/3)} , which, divided by two (the number of colliding particles), gives the
excluded volume per particle:b"=b2'/2->b" =4 x (4 nr3/3) {\displaystyle b'=b' {2}/2\quad \rightarrow \quad b'=4\times (4\pi r~{3}/3)} , So b’ is four times the proper volume of the particle. It was a point of concern to Van der Waals that the factor four yields an upper bound; empirical values for b" are usually lower. Of course, molecules
are not infinitely hard, as Van der Waals thought, and are often fairly soft. To obtain the excluded volume per mole we just need to multiply by the number of molecules in a mole, i.e. by the avogadro number: b = N A b’ {\displaystyle b=N {A}b'} . Next, we introduce a (not necessarily pairwise) attractive force between the particles. Van der Waals
assumed that, notwithstanding the existence of this force, the density of the fluid is homogeneous; furthermore, he assumed that the range of the attractive force is so small that the great majority of the particles do not feel that the container is of finite size.[citation needed] Given the homogeneity of the fluid, the bulk of the particles do not
experience a net force pulling them to the right or to the left. This is different for the particles in surface layers directly adjacent to the walls. They feel a net force from the bulk particles pulling them into the container, because this force is not compensated by particles on the side where the wall is (another assumption here is that there is no
interaction between walls and particles, which is not true, as can be seen from the phenomenon of droplet formation; most types of liquid show adhesion). This net force decreases the force exerted onto the wall by the particles in the surface layer. The net force on a surface particle, pulling it into the container, is proportional to the number density.
On considering one mole of gas, the number of particles will be NA C = N A/ V m {\displaystyle C=N_{\mathrm {A} }/V_{\mathrm {m} }} . The number of particles in the surface layers is, again by assuming homogeneity, also proportional to the density. In total, the force on the walls is decreased by a factor proportional to the square of the density,
and the pressure (force per unit surface) is decreased bya’'C2 =a’'(NAVm) 2 =aVm 2 {\displaystyle a'C™{2}=a'\left({\frac {N_{\mathrm {A} }}{V {\mathrm {m} }}}right)~{2}={\frac {a}{V {\mathrm {m} }~{2}}}},sothatp=RTVm-b—-aVm2=(p+aVm2)(Vm->b)=RT. {\displaystyle p={\frac {RT}{V_{\mathrm {m} }-
b}}-{\frac {a}{V_{\mathrm {m} }~{2}}}\Rightarrow \left(p+{\frac {a}{V_{\mathrm {m} }~{2}}}\right)(V_{\mathrm {m} }-b)=RT.} Upon writing n for the number of moles and nVm =V, the equation obtains the second form given above, (p+n2aV2)(V—-nb)=nRT. {\displaystyle \left(p+{\frac {n"~{2}a}{V~{2}} }\right)(V-nb)=nRT.} It
is of some historical interest to point out that Van der Waals, in his Nobel prize lecture, gave credit to Laplace for the argument that pressure is reduced proportional to the square of the density.[citation needed] Statistical thermodynamics derivation The canonical partition function Z of an ideal gas consisting of N = nNA identical (non-interacting)
particles, is:[17][18] Z = z N N ! with z = V A 3 {\displaystyle Z={\frac {z"™ {N}}{N!}}\quad {\hbox{with} }\quad z={\frac {V}{\Lambda ~{3}}}} where A {\displaystyle \Lambda } is the thermal de Broglie wavelength, A =h 2 2 n m k T {\displaystyle \Lambda ={\sqrt {\frac {h”~{2}}{2\pi mkT}}}} with the usual definitions: h is Planck's constant,
m the mass of a particle, k Boltzmann's constant and T the absolute temperature. In an ideal gas z is the partition function of a single particle in a container of volume V. In order to derive the Van der Waals equation we assume now that each particle moves independently in an average potential field offered by the other particles. The averaging over
the particles is easy because we will assume that the particle density of the Van der Waals fluid is homogeneous. The interaction between a pair of particles, which are hard spheres, is takentobeu (r) = { »whenr<d, —e(dr) 6 whenr = d, {\displaystyle u(r)={\begin{cases}\infty &{\hbox{when} }\quad r
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