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The mechanism of adsorption of water molecules on nonporous carbon adsorbents has 
been suggested in terms of two different states of adsorbed water, stretched liquid water and 
water that occupies an intermediate state between the liquid and vapor. Two stages of 
adsorption were distinguished: condensation and pre-condensation that assumes the forma- 
tion of molecular associates. The BET model was used to describe the pre-condensation 
stage. The equations of the adsorption isotherm for water vapor in the region of condensation 
process and the expression for the determination of the specific hydrophilic surface of 
adsorbents were found. Examination of the experimental data on adsorption of water vapor 
on nongraphitized samples of carbon adsorbents shows that in the region of polymolecular 
adsorption, all isotherms fall into a common curve determined by the equation of the 
stretched liquid film and can be calculated regardless of the properties of individual liquid 
water. The equation for adsorption of water vapor on the hydrophobic surface was obtained. 
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Data on the propert ies  of  macroscopic  water in 
different aggregate states and at different pressures are of  
great interest  for s tudying the mechan ism of  water  ad- 
sorpt ion on carbon adsorbents  (CA). t 

The  deve lopmen t  of  the phase diagram "chemical  
po t en t i a l - - en t ropy - - t empera tu re"  for the H 2 0 - - C A  ad- 
sorpt ion systems z suggested ambiguously that two states 
o f  water  exist on  the surface and in pores of  CA: 
"stretched" liquid water  and water that  occupies  an 
in termedia te  posi t ion be tween  the liquid and gas. On the 
phase diagram, this unusual form of  water  occupies  the 
region different from the state of  bulk (nonadsorbed)  
water. 

In this work, we a t tempted  to describe the mecha-  
nism of  water  adsorpt ion on CA taking into account  
these two states. 

Liquid water and the boundary of its existence 

To describe "stretched" liquid water, we can use the 
equat ion  o f  state, 3 which is valid over  a wide range of  
condi t ions  l imit ing the existence o f  the liquid phase 
beginning from the spinodal  to a pressure of  100 MPa 
over  the 273--373 K tempera ture  range: 

Ph~t = P~o I - B - I , (I) 

where phsJmPa  is the hydrostatic pressure on the liquid 
phase; Psp is the pressure on the spinodal; V/cm 3 mot - j  

is the  mola r  vo lume  o f  water ;  Vsp/Cm 3 tool  -I is 
the molar  vo lume  of  water  on the spinodal;  and B is a 
constant  that depends  on the temperature  T only. For  
20 ~ Pw = - 2 0 8  MPa,  B = 17.829, and Vsp = 
22.3029 cm 3 mol  - t .  

The applied external pressure Phst changes the vol-  
ume V of  l iquid water and the related pressure o f  
saturated vapor  Px- This dependence  can be expressed by 
the equat ion z 

Ps RT L v v~, o 5,o A 

where Ps.o and Vs, 0 are the vapor  pressure and water 
vo lume on the binodal ,  respectively;  Ps is the pressure o f  
liquid vapor in the V volume,  and the E value is deter-  
mined by the formula:  

E = 2 VsppwB. (3) 

Equat ions (2) and (3) make it possible to de termine  
the boundary o f  existence o f  stretched liquid water  
expressed in units of  the relative pressure P/Ps. Substi tut-  
ing the values Psp, Vsp, Vs,0 = 18.00 cm 3 mol  - I ,  and 
Ps,0 = 2.33 kPa, we obtain  (P/Ps)sp = 0.178 for T = 
293 K. 

Models of adsorbent 

Nonporous  carbon adsorbents  consist o f  amorphous  
carbon and crystallites, whose properties are close to 
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those of graphite crystals. Amorphous carbon also con- 
tains carbon graphite nets, but they are chaotically 
arranged relative to each other. On edges of  the graphite 
nets, in sites of  their cleavage, carbon atoms are chemi- 
cally linked with heteroatoms, predominantly with oxy- 
gen and hydrogen atoms. 

In the first approximation,  nonporous CA can be 
presented as a set of  similar microscopic crystallites with 
two types of surface a and b: a, planar basis facets of  
graphite and b, lateral edges of these facets containing 
oxygen and hydrogen atoms. The edges of  the basis 
facets are shifted relative to one another and form a 
microrough surface with local holes and "combs." This 
geometric nonuniformity can be expressed through the 
curvature with a radius r, which distinguishes the model 
of  surface b considered from the planar surface. 

The total surface of  facets a forms the hydrophobic 
surface Ahphb, and the total surface of facets b forms the 
hydrophilic surface Ahphl. The total surface is the follow- 

ing: Ato t = Ahphb + Ahphl. 

Surface tensile strength 

The molecular  field, which falls off as the distance 
from the surface decreases, operates in the boundary 
volume between the adsorbent and the adsorption layer. 
This results in forces, some of which act in the plane 
parallel to the adsorbent surface. They are determined as 
tangential components  of  the pressure tensor Pt- 

When the adsorbent and the adsorbed layer are con- 
sidered, in the rough approximation, as a continuum 
generating the molecular  field close to the field in the 
transition liquid layer adjacent to the gas, the depen- 
dence ofp t  on the distance to the boundary surface I can 
be described by the Rusanov--Kuni  equation, 4 which 
was obtained for the van der Waals fluid and is strictly 
fulfilled far from the interface: 

where p is the external pressure; D O and D" are constants 
of  the interaction of  liquid molecules and molecules of 
the neighboring gas phase, respectively; and V 0 and V' 
are the molar  volumes of  the liquid and gas phases, 
respectively. 

The value and sign of  pressure Pt are determined by 
the difference of  the D / V  ratio of  the contiguous phases. 
At the interface of  the adsorption layer with the gas 
phase, the molar volume of the gas phase V" is much 
higher than the molar  volume of the condensed phase 
V0, and since p = Ps is much lower than Pt, they can be 
ignored. Therefore, Pt attains negative values: 

p, = - I (~Do) / (8  Vo213)1_ (5) 

At each point of the adsorption layer, the tangential 
component  Pt operates to bring about extension of the 

layer. The action of Pt results in a change in the density 
of  the substance in the layer. The thermodynamic equiva- 
lent of the Pt pressure was calcula ted from the change in 
the vapor pressure of the adsorbate  (Eqs. (1) and (2)). 

Model of the liquid stretched water rdm 

At PIPs > 0.178 water vapor  can interact with the 
solid surface to form the liquid layer. The Pt pressure 
extends the liquid layer that formed,  and a certain 
equilibrium pressure is established in the gas phase. It is 
the pressure of  saturated vapor o f  the stretched liquid. 

The equation describing the isotherm for adsorption 
with the formation of the s t re tched liquid film has been 
obtained previously: s 

ln(ps/p) = b/O 3 - W/RT, 0 = x/d,  (6) 

where 0 is the adsorption value expressed by the number 
of  molecular layers; d / n m  is the  diameter  of  an adsor- 
bate (water) molecule; x / n m  is the thickness of  the 
layer; W/kJ mol - t  is the work o f  curvature of  the film 
surface; and b is a constant that depends  on the proper- 
ties of  the pure liquid: ~ 

b = 2.5 VocrdRTa, (7) 

here V 0 and g0 are the molar volume and surface tension 
of the pure liquid. For water, b = 4.34 (T  = 293 K). 

Let us estimate the curvature of  the liquid film on 
the surface, which is character ized by the b value. Let us 
accept that, according to the Thomson  (Kelvin) equa- 
tion, 

14," = 2(Voao/r), (8) 

where r / n m  is the curvature radius. Inserting expressions 
(7) and (8) into Eq. (6), we obtain the final equation of 
isotherm of water adsorption in the region of  formation 
of the liquid film on the convex hydrophil ic surface. 

ln(ps/p) = 4.34/03 - 1.08/r (9) 

BET model for description of  the pre-condensation 
stage of adsorption. The Brunaue r - -Emmet t - -Te l l e r  
(BET) model assumes that one-d imens ional  vertical as- 
sociates (OVA) of different thicknesses are formed on 
the surface. 7 

The BET equation describing the adsorption iso- 
therm in the modified variant S has the form 

c g ( p l  p~) 
o = a/a m = [1 - g(p/ps)][l + (C - l )g (p /ps )  l ' (10) 

where a is the adsorption value; a m is the capaci ty  of the 
monolayer; C is a constant of  the  adsorbate--adsorbent  
interactions that was introduced in the initial model to 
signify condensation of molecules from the gas phase to 
molecules on the free end of  OVA; p is the equilibrium 
pressure of the adsorbate; Ps is the  pressure of  saturated 
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vapor of the liquid adsorbate (water); and g is the factor 
that determines the deviation of this constant from the 
magnitude in the initial model where g = 1. 

The use of the BET model for the water--carbon 
adsorbent system needs additional substantiation. It is 
accepted that the BET theory is usually fulfilled in the 
interval PIPs = 0.05--0.35 and at C > 10. The pre- 
condensation region considered hereinafter is stretched 
to the saturation pressure P/Ps = 1 at very low C values 
(C --* 0). The region P/Ps -+ I is considered as princi- 
pally inappropriate for the BET theory, because it gives 
the value of spreading pressure without a physical sense. 
However, the BET theory is confined to the formation 
of only molecular associates (clusters) on the adsorbent 
surface and does not consider the mechanism of aggre- 
gation of the clusters to form the liquid layer. The 
transition to the liquid layer described in this work 
supplements the BET theory. 

When the C constant is substantially lower than 
unity, we can neglect it in the denominator of Eq. (I0) 
and obtain the expression 

0 = CCp/ps)lLt - gO/ps)l 2. (t 1) 

This expression was used for the description of adsorp- 
tion on the hydrophobic surface of CA. 

Supplement to the BET model 

In the BET model, the adsorption layer is a set of 
OVA of different  thicknesses.  Near  saturat ion 
[g(P/Ps) = II in Eq. (10), the length of OVA becomes 
infinite, and it is reasonable to assume that at a certain 
"critical length," OVA lose their stability and pass to 
another state. Assume that this transition is accompa- 
nied by the formation of a film of the stretched liquid. 
The transition corresponds graphically to the intersec- 
tion point l of the isotherm of polymolecular adsorption 
of the BET model with the adsorption isotherm for the 
liquid layer (Fig. l). Let us designate the relative pres- 
sure corresponding to the inception of the liquification 
of the adsorbate as P*/Ps. The region of the adsorption 
isotherm below the intersection with the isotherm of the 
liquid is considered as the pre-eondensation region or 
the region of nucleation of the liquid. 

The theoretical isotherms of adsorption of water on 
the hydrophilic CA surface calculated by Eq. (9) for the 
liquid film (curve splf) at r = 10 nm and by Eq. (10) for 
the BET model (curves 0l|, 012, 013, and 014) are shown 
in Fig. 1. The points of transition It, 12, 13, 14 ..... I i 
(P*/Ps) are obtained when Eqs. (9) and (10) are solved 
jointly. 

When the C value increases, the intersection point 
tends to some limiting value of p*/ps close to 0.410, 
which was obtained for the hypothetical adsorption CA-- 
H20 system with the planar liquid adsorbate layer formed 
from OVA with the strong adsorbate--adsorbent interac- 

,YIJ 

0 0.5 1.0 P/Ps 

Fig. 1. Theoretical isotherms of water adsorption on nonpo- 
rous CA related to different stages of the condensation process. 
Curve If is the line of condensation with the formation of the 
stretched liquid film; curves 0/t, 0/2, 0/3, and 0/4 describe the 
formation of liquid nuclei according to the mechanism of 
polymolecular adsorption BET. Points 1 is the limit of exist- 
ence of the liquid phase on the surface; sp is the spinodal state 
of the bulk liquid; Ii, /2, /3, and I 4 is the onset of formation of 
the liquid film (P*/Ps); bl,bz, and f is the adsorption upon 
saturation (PIPs = 1); dotted lines in the region PIPs > t are 
the adsorption isotherms at the hypothetical positive external 
pressure. The values of the C constant in Eq. (10) are desig- 
nated by the figures near the curves. 

tion (C -* no, g = l in Eq. (I0)). Point l is the bound- 
ary of existence of the liquid phase of adsorbed water. 
Note that this boundary is considerably shifted from the 
spinodal for bulk water (point sp, P/Ps = 0.178). As the 
C constant decreases, the intersection point I i is shifted 
toward higher P/Ps. At a certain value of the C constant 
(Co), point I i coincides with point f. The isotherm with 
the C O constant (for example, for g = 0.9, C O = 0.039) 
divides conventionally the family of BET isotherms into 
two types: isotherms of one type describe water adsorp- 
tion on the hydrophilic (C > Co) surface, and isotherms 
of another type describe water adsorption on the hydro- 
phobic (C < C 0) surface. 
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Adsorption upon saturation 

As can be seen in Fig. 1, the isotherm of liquid film 
(curve /J) and isotherms for the modified BET model 
intersect the axis p/px = 1 at certain final values of 0 
(points bt, b2,.D and then approach the region PIPs > 1. 
This region is inaccessible for a standard adsorption 
experiment, since at PIPs > I vapor is condensed outside 
the adsorbent, it is possible to retain the adsorption 
equilibrium at p/p~ > 1, if the external positive pressure 
acts upon the adsorption system. 

Let us determine the relation between the adsorption 
value and external pressure in the general form. For this 
purpose, let us consider a system of two vessels I and 1[. 
Vessel I contains the adsorption system, and the adsor- 
bate in the state ofbulk  liquid is present in vessel II. The 
vessels communicate through the gas phase, and the 
adsorption equilibrium is established in vessel I at the 
temperature T. Let us introduce a hypothetical gas into 
the system. It is not adsorbed and dissolved and has no 
effect on the removal of the adsorbate vapor between the 
vessels. The gas pressure p can change beginning from 
zero. For the adsorption system, the change in the 
isobaric potential G with the p pressure is determined by 
the equation: 4 

(dGl/dp)t : ~ a _  (A/as)(dtra/dP)t, (12) 

and for the bulk liquid (if the contribution of the liq- 
u id -vapo r  interfacial surface A is neglected in Eq. (12)), 
it is determined by the equation 

(d6~tldp), = v$, (13) 

here Vs a is the molar volume of the adsorbate upon 
saturation; V s is the molar volume of the liquid; ~ is 
the surface tension at the adsorbate--vapor interface; A 
is the interracial surface; and a~ is the adsorption value 
upon saturation. The following conditions are fulfilled in 
the equilibrium: 

G j = Gt l ;  (dGt /dp)~  = ( d G l I / d p ) t .  (14) 

After transformations of Eqs. (11)--(13), we obtain the 
final expression: 

a s = A/(Vsa - ~ )"  (dcr/dp) t. (15) 

The signs of the derivative (dcr/dp) t and difference 
(Vs a - 1/0 are unknown, but since a s and A are positive 
values, the (~ /dp) / (Vs~  - V s) ratio is also positive. 

It follows from Eq. (15) that at Vs a = V s the adsorp- 
tion value upon saturation increases indefinitely. This 
implies that the adsorbent is completely "flooded" with 
water as the p pressure increases. The process continues 
until the interfacial surface of the liquid with the im- 
mersed adsorbent becomes minimum. 

Capacity of the monolayer 

The equation of liquid layer (9) and BET Eqs. (10) 
and (11) contain the 0 value related to the value of the 
experimental adsorption a by the expression 

a = 0areA, (16) 

here am/~tmol m -2 is the value of monolayer capacity 
per surface unit, and A / m  2 is the surface area. Adsorp- 
tion on the hydrophilic surface under standard condi-  
tions and on the hydrophobic surface at positive external 
pressure proceeds until a liquid water layer with an 
indefinite thickness is formed. In all cases, the a m 
value is determined from the molar volume of liquid 
water a m = V - 2 / 3 N - t / 3  = 17.26 lamol m -2 ( V =  
18 cm 3 mol -t ,  N = 6.02" 10~). The model of a con- 
tinuous film on the hydrophilic CA surface makes it 
possible to determine the value of its surface area Ahphl 
using one or several points on the adsorption isotherm in 
the region of condensation, i.e., in the interval of rela- 
tive pressure from 0.41 to I. Inserting the value a m = 
17.26 into Eq. (16) and then 0 into Eq. (9), we obtain, 
after the transformation 

Ahplt I = 35.33a(InprJp + 1.08/r) I/3. (17) 

Here a is expressed in mmol g- i .  The Ahphl value enters 
Eq.(10) at C >  C o . 

Comparison with experiment 

According to the classification of Brunauer, adsorp- 
tion of water vapor on carbon adsorbents gives isotherms 
of the I{, I l l ,  and V types. Isotherms concave to the PIPs 
axis in the whole adsorption region are related to the III 
type. In the condensation mechanism considered, iso- 
therms of the III type correspond to the pre-condensa- 
tion stage of adsorption. 

Isotherms of tile [I type describe both the pre- 
condensation stage and the condensation process. Strictly 
speaking, isotherms including both these processes do 
not belong to a certain type, because they consist of 
segments of isotherms of two types (perhaps, 11 and I1[), 
which intersect in a certain point. They can be distin- 
guished as an independent type of adsorption isotherms 
including a break of the isotherm. However, in real 
isotherms, this break is smoothened, and they are close 
in shape to isotherms of the II and V types. 

Oxidized carbou blacks. The parameters of nonpo- 
rous CA, on which water adsorption is described by 
isotherms of the V type, are presented in Table 1. 

The theoretical and experimental isotherms of water 
adsorption on hydrophilic adsorbent surfaces, for which 
A values were pre-calculated by Eq. (17), are shown in 
Fig. 2, a, b. As can be seen in Fig. 2, all points in the 
region of polymolecular adsorption within the values 
close to f a r e  adjacent to the theoretical isotherm deter- 
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Fig. 2. Comparison of theoretical isotherms of water adsorption on nonporous CA (solid lines) with experimental data (points): a, 
industrial carbon blacks; b, "Sferon-6" carbon black subjected to thermal treatment (the data in Ref. 10). Numbers of points 
correspond to numbers of carbon blacks in Table 1. Curve /f is the formation of the stretched film of liquid water. 

mined by the equation of stretched liquid film (9), 
which has the curvature r = 10 nm (curve /f) and was 
calculated regardless of the properties of  the bulk liquid 
water (see Eq. (2)). In the region of  relative pressures 

Table !. Adsorption parameters of oxidized carbon blacks 

Carbon Temperature 

black of treatment/*C 
(medium) 

AIot AI~Fht Ahphb Ahphh/ CBET b p/ps c 

m 2 g-l a~ot (,%) 

TC-A a Starting 160 47 113 70 1.0 0.70 
sample 

TC-B a Starting 85 43 42 49 1.5 0.66 
sample 

TC-C a Starting 90 55 35 38 5.0 0.55 
sample 

TC-D a Starting 240 88 162 63 2.0 0.63 
sample 

Sfe- 200 115 48 67 58 7.0 0.52 
ron-6 (vacuum) 

Sfe- 900 109 27 82 75 2.0 0.65 
ron-6 (vacuum) 

Sfe- 1000 109 22 87 80 2.0 0.65 
ton-6 (vacuum) 

Sfe- 1100 108 12 96 88 0.7 0.70 
ton-6 ( H ) 

TC is technical carbon. 
b Calculation by Eq. (I8). 
c Onset of condensation. 

(>0.8), all points lie on one curve/f .  In the intermediate 
region of  p/p~, various CA form the isotherms of  water 
adsorption arranged between the theoretical BET iso- 
therms with the C constants equal to 10 and 0.3. It is 
difficult to determine the P*/Ps values for each sample 
from experiments. Most likely, the nonuniformity of  the 
surface also affects the transition of  the isotherm from 
the pre-condensation region to the condensation region: 
the theoretical break on the real isotherm is replaced by 
the smooth transition. However, the initial formation of 
the liquid phase during the strong interaction of water 
molecules occurs in the region close to the theoretical 
value PIPs = 0.41 (point f). 

The C values for each CA sample are presented in 
Table 1 (penultimate column). These values were ob- 
tained from Fig. 2, a, b by the PIPs values corresponding 
to 0 = 1. In this case, it follows from Eq. (11) that 

1 - 2g(p/ps) 
c = t + [ g ( p / p 0 1 2  (18) 

The C parameters calculated by this equation have 
the character of  averaged or effective values. They can 
be used to estimate the degree of hydrophilicity of the 
surface and to evaluate the onset of condensation (see 
Table 1, penultimate column). Note that the Cvalue for 
autoadsorption of water, i.e., for hypothetical adsorption 
of water molecules on the liquid water surface with the 
formation of polymolecular adsorption according to the 
BET model and calculated from its condensability, is 
equal to 15.3. 9 
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Table 2. Adsorption parameters of graphitized carbon blacks 

Sample Cartmn 

black 

Conditions of treatment Atot CBET" 103 a s PAC t~ 
/m 2 g-[ lamol m -2 

1 UTC a Starting sample 
2 UTC a Chlorination+hydrolysis 
3 UTC a Chlorination+hydrolysis 
4 UTC a HNO3, 20 *C 
5 UTC a HNO3, 100 ~ 
6 UTC a Phenol 
7 UTC a Starting sample 
8 Vulkan-7N 2800 *C 
9 GTC 3000 *C 

47 1.4 5.1 0.01 
50 21 24.0 0.16 
51 28 35.0 0.23 
47 18 13.0 0.I I 
63 32 28.0 0.23 
50 16 7.8 0.05 
39 6 5.6 0.18 

100 4 5.9 0.04 
7.6 5 7.7 - 

UTC is ultradispersed technical carbon. 
b PAC are primary adsorption centers. 

Graphitized carbon blacks. Taking into account the 
expression obtained for a m (16), we can write the final 
equation of isotherm of water vapor adsorption on the 
hydrophobic CA surface in the following form: 

17.3CAg(p/&) 
a = (19) 

I1  - g(p /&) l  2 ' 

where A is the total surface of graphitized carbon black 
determined, e.g., from adsorption of nitrogen. 

The parameters of some graphitized carbon blacks 
treated by oxidants under different conditions and the 
corresponding values of C constants are presented in 
Table 2. 

The C values were determined from slopes of iso- 
therms plotted in the coordinates a and g(P/Ps)/[l  - 
g(p/ps)] 2 (Fig. 3). The g factor was determined in such 
a way that the isotherm in these coordinates was close to 
a straight line. In the first approximation, for water on 
nonporous adsorbents, g = 0.9. 

Graphitized carbon blacks (see Table 2, samples 1-- 
4) were obtained from ultradispersed technical carbon 

[ i - g~/ps) t2 
I00 

50 0 

I I 

0 0.2 014 a/mmol g-I 

Fig. 3. Isotherm of water adsorption on the "Vulkan-7N" 
carbon black in coordinates of Eq. (13). Solid line is calcula- 
tion, points are experiment. 

followed by graphitization at 3000 ~ Oxidized carbon 
blacks (samples 2--3) were prepared by the application 
of O H -  groups on the surface of the starting sample I by 
chlorination followed by hydrolysis by the known proce- 
dure)  Samples 4 and 5 were obtained by the oxidation 
of sample 1 in concentrated HNO 3 at 20 and 100 ~ 
respectively. Sample 6 is CA treated by phenol. Sample 
7 differs from the starting sample I by a smaller surface. 
Sample 8 is the Vulkan-7N carbon black graphitized at 
2800 ~ and sample 9 is thermally graphitized carbon 
black, ll 

It is seen in Table 2 that sample I has the min imum 
value of the C constant (C = 0.0014), and the maxi- 
mum value is demonstrated by the same sample treated 
by nitric acid at 100 ~ (sample 5, C = 0.032). The 
comparison of the C constants with the values of pri- 
mary adsorption centers shows some correlation be- 
tween them. 

The models of the condensation process (the model 
of liquid water film and BET model) chosen for the 
description of the pre-condensation state of the adsor- 
bate agree, as a whole, with the experiment. Note that a 
rigorous checking of the models includes, as a minimum, 
a comparison of them with the experiment by three 
themlodynamic parameters of adsorption: adsorption 
isotherm, heat (entropy), and heat capacity of the ad- 
sorbate. All these characteristics are related to the free 
energy of adsorption and its derivatives with respect to 
temperature: the first derivative is the entropy of the 
adsorbate and the second derivative is its heat capacity. 
For each model, all these thermodynamic parameters 
have certain analytical expressions, and the calculations 
by these expressions can be compared to experimental 
data obtained in independent adsorption-calorimetric 
experiments. Our further studies assume the comparison 
of the models considered by the heat and entropy of 
adsorption. 

At the same time, the limiting point of the beginning 
of condensation found by the calculation (P*/Ps = 0.410) 
confirms satisfactorily the condensation mechanism of 
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adsorption. All known points on the isotherms of water 
adsorption on CA, which were obtained at an adsorption 
value higher than the monolayer, approach this limit but 
do not exceed it. 

This work was financially supported by the Russian 
Foundation for Basic Research (Project Nos. 97-03- 
32343a and 97-03-32049a). 
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