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Abstract 

 

Removal of aromatic contaminants, like phenol, from water can be efficiently 

achieved by preferential adsorption on porous carbons which exhibit molecular 

sieving properties. Here, we present nanoporous carbon beads exhibiting an 

outstanding sieving effect in phenol adsorption from aqueous solution at neutral pH, 

which is evidenced experimentally and theoretically. The molecular sieving with pure 

phenol adsorbed phase is achieved by tuning the pore size and surface chemistry of 

the adsorbent. This study elucidates the essential role of hydrophobic interactions in 

narrow carbon micropores in removal and clean-up of water from organic pollutants. 

Furthermore, we suggest a new theoretical approach for evaluation of phenol 

adsorption capacity that is based on the Monte Carlo simulation of phenol adsorption 

with the relevance to the pore size distribution function determined by the density 

functional theory method from low temperature nitrogen adsorption. 
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1. Introduction 
 

Phenol is a planar molecule with a hydroxyl group attached to the benzene ring. It 

represents a spectrum of toxic aromatic water contaminants characterized by limited 

solubility in aqueous solutions. In the last decade, there has been a considerable 

progress in the understanding of the mechanisms of phenol adsorption from aqueous 

solutions on carbonaceous nanomaterials at various pH [1-8]. However, these 

experimental studies lack a molecular level description of the adsorption processes in 

carbon pores. Furthermore, the theoretical characterization of the experimental 

measurements and postulated microscopic mechanisms of phenol adsorption from 

aqueous solutions relay on the classical methods of phenomenological 

thermodynamics, e.g. Dubinin’s theory of micropore filling, Langmuir theory of 

adsorption at the solution/solid interface, general integral equation of adsorption, ideal 

solution theory, amongst others [1-10]. Although these theoretical approaches have 

provided valuable insights, their approximate nature may obscure the details of the 

phenol adsorption and/or water co-adsorption in pores of molecular size. The 

homogenous representation of adsorbed phases by classical thermodynamics is 

questionable, when the sizes of pores and adsorbed molecules are similar. This is 

because of the molecular packing effects in confining geometries [11,12].  

Generally, it is believed that adsorption of phenol from aqueous solutions on 

carbon nanomaterials depends on fine-tuning of pore size and the control of the pore-

wall chemistry [13-16]. Specific hydrogen bonding is believed to be responsible for a 

strong adsorption of water and phenol molecules on the primary adsorption sites, such 

as oxygen-containing functional groups dispersed around graphic edges and pore-wall 

defects [17,18]. Water and phenol molecules can also interact with common carbon 

impurities, e.g. metal oxides, silicates, aluminosilicates, heteroatoms, and others [9]. 

As a result, clusters of physisorbed water or/and phenol molecules around pore 

entrances and impurities may induce blocking of pore entrances, which potentially 

create excluded volumes in the pore network. Various impurities, defects, surface 

functional groups and dissolved oxygen can also catalyse the irreversible 

polymerisation of phenol molecules on graphic pore-walls [19-21]. Indeed, 

experiments have revealed that structural parameters (i.e., adsorption capacity, 

accessible surface area, micropore volume, and others) computed from phenol 

adsorption isotherms measured from aqueous solutions are underestimated in 
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comparison to those measured from gas phases. Kinetic factors, polymerisation and 

co-adsorption of water in carbon nanopores, has been used to explain lower uptake of 

phenol measured from aqueous solutions. However, as we pointed out, structural 

characteristics computed using methods of classical phenomenological 

thermodynamics only approximate this phenomenon and their use for postulation of 

the microscopic mechanism of phenol adsorption from aqueous solutions in narrow 

slit-shaped carbon pores, with pore width < 2 nm, is controversial [9,11,12].  

Following the theory of hydrophobic effect developed by Chandler et al. [22-

25], it is expected that narrow slit-shaped graphitic carbon pores, classified as 

micropores with pore width < 2 nm [26], can induce molecular sieving of aromatic 

molecules from aqueous solutions at neural pH. This is because the transfer of water 

molecules from aqueous solutions to hydrophobic micropores (i.e., between extended 

graphitic pore walls with separation < 2 nm) is thermodynamically unfavorable [27-

30]. However, planar molecules with benzene-ring motif can be adsorbed in slit-

shaped carbon micropores through London dispersion and hydrophobic interactions 

[31]. In this paper we provide a combine experimental and theoretical evidence that 

micropores of nanoporous carbon beads are filled with pure phenol at saturation, 

leading to selective molecular sieving of phenol from aqueous solutions at neutral pH 

and 298 K. 

 

2. Experimental  

 

2.1 Synthesis 

 

Samples of nanoporous carbon beads (NCB) were prepared by carbonization of 

acidic, gel-type cation exchange resin based on a styrene-divinylbenzene copolymer 

(Lanxess Lewatit, Germany) and subsequent activation with CO2 at Murdoch 

University. In a carbonization step, ~2 g of precursor were placed in a ceramic 

crucible and carbonized at 650 oC for 1.5 hours in a high-purity N2 steam (~1.0 dm3/ 

min, BOC, Australia) in a horizontal split-tube furnace. In a second step, the 

carbonized beads were activated with CO2 at 900 oC for 1, 3, 5, and 8 hours in a high-

purity CO2 steam (~1.0 dm3/min, BOC, Australia) in a horizontal split-tube furnace. 

The resulting carbon samples were labelled NCB-xh, where x denotes the CO2 

activation time in hours (e.g., x is 1, 3, 5 and 8).  
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2.2 Characterization 

 

Raman spectra of NCB samples were recorded using the WITec alpha 300RA+ 

confocal Raman imaging system at the Centre for Microscopy, Characterisation and 

Analysis (CMCA), The University of Western Australia (UWA). We used the laser 

excitation wavelength of 532 nm. For each carbon sample, Raman spectra were 

collected from ~4-6 points chosen randomly on the surface of NCB sample. Raman 

D- (1350 cm-1) and G-band (1580 cm-1) was fitted using double Lorentzian model 

[32,33]. In-plane sizes of graphitic crystallites were estimated from the Ferrari-

Robertson equation [34]. The N2 adsorption-desorption isotherms on NCB samples 

were measured at 77 K using the ASAP 2010 MicroPore System (Micromeritics, 

USA) at Nicolaus Copernicus University. Before each measurement, the carbon 

samples were desorbed in vacuum at 383 K for 3 h [35]. Adsorption and structural 

parameters of NCB samples were computed using Brunauer-Emmett-Teller (BET) 

theory of multilayer adsorption [36], and general integral equation of adsorption 

implemented with local N2 adsorption isotherms computed from classical non-local 

density functional theory (NLDFT) and quenched solid density functional theory 

(QSDFT) [37,38]. X-ray powder scattering patterns (XRD) of NCB samples were 

recorded using the Empyrean multi-purpose research diffractometer using Cu Kα 

radiation (� = 0.15406 nm) at CMCA, UWA. Scanning electron microscope images 

(SEM) and the energy-dispersive X-ray (EDX) spectra of NCB samples were 

recorded using the Verios XHR SEM system at the CMCA, UWA. The average 

spacing between graphitic layers in all studied NCB samples was computed from 

Bragg equation [39]. The enthalpy of immersion of NCB samples in water and in 

phenol solutions was measured at T = 298 K (or at 298, 303, and 308 K for NCB-1h 

sample) using a Tian-Calvet isothermal microcalorimeter constructed in 

physicochemistry of carbon materials research group at Nicolaus Copernicus 

University, following the procedure described previously [40,41]. The measurement 

for each NCB sample was repeated three times. The error was not larger than 0.5 mJ/ 

m2. Quantitative analyses of adsorption isotherms were determined using UV-Vis 

spectrophotometer JASCO V-660 by the analysis of equilibrium concentration (after 

48h equilibration) measured at 270 nm [40,41].  
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3. Results and Discussion 

 

Figure 1a,c present scanning electron microscopy (SEM) images of the surface of 

NCB-8h sample (SEM images of all remaining NCB samples are displayed in Fig. 

1S,2S in the Supporting Information). The microscopic observations show that with 

increasing activation time, the surface area covered by patches of pore entrances on 

NCB increases. For NCB-8h, pore entrances cover the entire surface of spherical, 

~400 µm in diameter, carbon bead. The high magnification SEM image of the NCB-

8h surface (Fig. 1c) shows a sponge-like carbon with pore entrances ~<2 nm, which 

suggests that micropores formed during CO2 activation tend to be directly connected 

to the exterior. The Raman spectral examination of the material display two 

overlapping broad bands locating at ~1350 and ~1590 cm-1 (Fig. 1b). Such feature is 

associated with the disordering of the samples (D band) and stretching vibration in the 

aromatic planes (G band), respectively [42,43]. These two bands originate from the 

nanometer-scale graphitic crystallites [42,43]. The in-plane size of graphitic 

crystallites, ~2.1-2.4 nm, computed from the Ferrari-Robertson equation [34] is 

similar to all NCB samples (Table 1).  

 

 

Sample La (nm) d002 (nm) 

NCB-1h 2.3 0.388 

NCB-3h 2.4 0.397 

NCB-5h 2.1 0.399 

NCB-8h 2.2 0.399 

 

Table 1. Crystallographic and crystallite parameters estimated from confocal Raman 

and XRD measurements. 
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Figure 1. (a) SEM image of the NCB-8h sample activated using CO2 at 900 oC for 8 

hours. (b) Experimental (symbols) and deconvoluted (solid lines) Raman spectra of 

NCB samples activated using different CO2 activation time (NCB-xh, where xh 

denotes activation time in hours). (c) High magnification SEM image of the surface of 

the NCB-8h showing pore entrances. (d) XRD diffraction patterns for NCB (symbols) 

with spectral (002) and (100) diffraction peaks corresponding to graphite. Insert panel 

highlights a low intensity (002) diffraction peak found on XRD diffraction patterns 

recorded for NCB-1h and NCB-3h samples only. 

 

X-ray diffraction (XRD) patterns shown on Figure 1d are dominated by 

intensities of (002) and (100) peaks. The (002) diffraction peaks are broadened and 

shifted to lower angles as compared to (002) diffraction peak of graphite, which 

indicates larger interlayer spacing between graphitic planes of nano-crystallites than 

those of graphite [44]. Indeed, an average interlayer spacing (d002) computed for all 

NCB samples is greater than this of graphite spacing of 0.335 nm (Table 1). These 

structural characteristics are typical for turbostratic carbonaceous materials [44-46]. 
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Therefore, a graphitic slit-shaped pore model was used for pore size distribution 

analysis and computer modelling of phenol adsorption in NCB samples [47-50].  

The composition of phenol-water mixtures adsorbed in graphitic micropores 

embedded in disordered carbon matrix is not directly measurable. However, if the 

water co-adsorption in micropores is negligible, it may be expected that the 

theoretical phenol-saturated capacity of NCB sample is comparable with the 

experimentally measured saturation capacity of phenol from aqueous solutions at 

neutral pH. This assumption is justified for Langmuir type adsorption isotherm (e.g. 

type L isotherm following to Gilles classification) measured from aqueous solutions 

only, when the affinity of solute to adsorbent is very high [51,52]. 

To calculate the phenol-saturated capacity of NCB samples, Nsat., we propose 

a novel two-step approach. In the first step, we performed constant pressure Gibbs 

ensemble Monte Carlo simulations (CP-GMC) of pure phenol adsorption in graphitic 

slit-shaped pores at saturated vapor pressure of phenol and 301 K (Section 1 in the 

Supporting Information) [53,54]. This allowed us to determine the pore-size 

dependence of phenol-saturated capacity, Ntheor.(H), computed as the adsorbed mass 

of pure phenol per unit area of pore walls, in the entire range of micropores accessible 

to phenol molecules (0.23 nm < H < 2.0 nm). In a second step, for each NCB sample, 

we determined the pore size distribution function, f(H), from the experimental N2 

adsorption isotherm (77 K), Nexpt.(p/p0), by deconvolution of the generalized 

adsorption equation using second-order Tikhonov regularization functional with non-

negativity constrain given by the following expression [55-57]:                      

 

           (1) 

 

The set of local N2 adsorption isotherms in slit-shaped graphitic nanopores, 

NNLDFT(p/p0,H), were generated from the non-local density functional theory proposed 

by Tarazona (Section 2 in the Supporting Information).        

Having a pore size distribution function and the pore-size dependence of 

phenol-saturated capacity, we predicted theoretically the phenol-saturated capacity for 

each NCB sample by using the following expression:         

 
                (2) 

H)f(H)dH,(p/pN)(p/pN 0NLDFT0expt. ∫=

(H)f(H)dHNN theor.sat. ∫=
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Note that in eq. (1) it is assumed that carbon micropores filled with N2 molecules at 

77 K are fully accessible to phenol molecules adsorbed from aqueous solutions at 

neutral pH and 298 K. The experimental verification of this assumption is presented 

in Figure 7d. 

 

 

Figure 2. (a) Experimental N2 adsorption isotherms (77 K) on series of NCB samples 

(solid lines presents NLDFT fitting). (b) Pore size distributions functions computed 

from N2 adsorption isotherms and NLDFT method. (c) Experimental phenol 

adsorption isotherms from aqueous solutions at neutral pH (298 K). (d) Experimental 

enthalpy of NCB immersion in water per surface area measured at 298 K.   

 

Figure 2a presents the N2 adsorption isotherms on NCB at 77 K measured 

volumetrically. The isotherms are typical for microporous materials with graphitic 

pores of uniform size (type I isotherm following to IUPAC) [26]. The surface area of 

micropore walls and micropore volume of NCB is fine-tuned by CO2 activation time 

(Table 2). For all synthetised NCB samples, a dominant contribution from graphitic 
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ultramicropores (pore width < 0.6 nm) is shown by NLDFT pore size distribution 

functions (Fig. 2b). In addition, the NCB-5h and NCB-8h samples contain a fraction 

of graphitic supermicropores (0.6 < pore width < 2.0). Figure 2c,d illustrate the 

impact of CO2 activation time on the adsorption of phenol from aqueous solutions at 

neutral pH and the enthalpy of NCB immersion in water solutions, respectively. 

Adsorption of phenol from water solutions on NCB samples is very sensitive to small 

variations in a pore-size distribution function. Sample NCB-1h adsorbs only ~50 

mg/g of phenol at 0.08 mol/dm3 and the plateau is not experimentally reached (Fig. 

2c). The pore structure of NCB-3h, -5h and -8h is then progressively opened with a 

longer CO2 activation time. This phenomenon explains a gradual transformation of a 

linear phenol adsorption isotherm (sample NCB-1h) to the Langmuir type isotherm 

measured for NCB-8h sample. The phenol adsorption capacity of 322 mg/g measured 

for NCB-8h is one of the highest reported for a spectrum of adsorbents (Fig. 3). In 

contrast, measured enthalpy of immersion of studied carbon samples in water shows 

little variation between studied carbon samples and it ranges from 39-42 mJ/m2 (Fig. 

2d). Therefore, it implies that during the progressive activation of carbonized polymer 

beads there are no changes in the chemical composition of carbon surface. Moreover, 

the comparison of immersion enthalpies of NCB in water with the calorimetric data 

published for chemically modified activated carbons leads to the conclusion about 

negligibly small concentration of surface functional groups [40]. The results of 

energy-dispersive X-ray spectroscopy (EDX) analysis confirm that all NCB samples 

contain mostly carbon (~90 %), sulfur (~6%), and oxygen (~4%) (Fig. 3S-6S in the 

Supporting Information). 

 

Sample SBET 

(m2/g) 
SNLDFT 

(m2/g) 
SQSDFT

 
 

(m2/g) 
aBET  

 
(mmol/g)  

 

aexpt. 

(mmol/g) 
vQSDFT 

(cm3/g) 

NCB-1h 274 380 386 2.8 4.0 0.13 

NCB-3h 484 687 728 5.0 7.3 0.23 

NCB-5h 661 905 954 6.8 9.7 0.31 

NCB-8h 902 1186 1194 9.2 13.0 0.41 

 

Table 2. Nanopore parameters estimated from N2 adsorption isotherms at 77 K. 
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Figure 3. Evaluation of the best adsorbents for phenol removal [58]. The NCB-8h 

sample was synthetised in the current study.   

 

In equilibrium-controlled adsorption, planar phenol molecules are able to 

adsorb in extremely narrow ~0.28 nm ultramicropores. The phenol-saturated capacity 

computed per surface area of graphic pore walls increases linearly with pore width, 

with an exception of singe- to double-layer packing transition around ~0.6 nm (Fig. 

4). The number of hydrogen bonds (H-bonds) per phenol molecule in slit-shaped 

pores saturated with pure phenol depends on the pore width (Fig. 5 and movies in the 

Supplemental Information). In narrow carbon ultramicropores <0.6 nm, graphitic 

pore-walls imposed strong constraints for rotations of phenol molecules (Fig. 6). 

Phenol molecules adsorbed in ~0.3-0.42 nm ultramicropores are lying flat on 
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graphitic pore-walls, and the structure of the adsorbed film is stabilized by ~1.0-1.1 

H-bonds per phenol molecule. With widening of pore, an increase in orientation 

disorder and a decrease in a number of H-bonds (Fig. 5,6) is observed. A clear 

minimum of ~0.8 H-bonds per phenol molecule (i.e. liquid-like phenol) corresponds 

to a single- to double-layer packing transition of the adsorbed phenol (Fig. 4).  

 

 

Figure 4. Pore-width dependence of pure phenol adsorption capacity (open circles) in 

graphitic slit-shaped pores computed from CP-GMC simulations (301 K, 59 Pa). The 

contribution from the monolayer capacity is displayed by filled circles. Snapshots on 

the left- and right-hand side of the plot show packing of phenol at saturation in 0.3, 

0.42, 0.8, and 1.5 nm micropores (red squares in the middle panel). Note that the 

graphics collected in this figure, and Fig. 5,6 are created using the VMD program 

[59].     
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Figure 5. Variation of the number of H-bonds per phenol molecule vs. pore-width in 

contact layers (black circles) and in the entire adsorbed phases (open circles) 

computed from CP-GMC simulations (301 K, 59 Pa). Dashed horizontal line 

corresponds to a number of H-bonds in liquid phenol. Snapshots on the left- and right-

hand side of the plot show H-bonding between phenol molecules at the contact 

monolayer films in 0.3, 0.42, 0.8, and 1.5 nm micropores (red squares in the middle 

panel).     
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Figure 6. Histograms showing the angular orientations of the phenol molecules 

adsorbed in 0.3, 0.42, 0.8 and 1.5 nm slit-shaped graphitic pores.     

 

The analysis of theoretical phenol-saturated capacity for the studied NCB 

samples clearly demonstrates the importance of pore-size distribution function in the 

entire range of micropores (Fig. 7a,b). The phenol-saturated capacity is dominated by 

contribution from graphitic ultramicropores <0.6 nm (Fig. 7a,b). This is because the 

surface area of the ultramicropore walls is significantly higher than the surface area of 

the supermicropore walls (Fig. 2b). During the CO2 activation process, 

ultramicropores are created first. Subsequently, the fraction of supermicropores is 

developed by widening the existing ultramicropores. However, as it is shown in 

Figure 4, the values of phenol-saturated capacity in supermicropores are significantly 

higher compared to ultramicropores characterized by restricted adsorption space and 

close proximity of the pore walls. As a result, the phenol capacity per mass of NCB 

sample is steeply increasing up to ~0.6 nm, followed by its gradual increase up to 

~1.4-1.6 nm (Fig. 7b). 
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Figure 7. (a, b) Theoretical differential and cumulative phenol-saturated capacity of 

NCB computed from NLDFT pore size distributions (Fig. 2b) and phenol-saturated 

capacity simulated in graphic slit-shaped pores (Fig. 4). (c) Experimental enthalpy of 

NCB immersion in aqueous solutions of phenol at 298 K. (d) Theoretical and 

experimental capacity of phenol on NCB samples measured from aqueous solutions at 

neutral pH and 298 K.     

 

The comparison between theoretical phenol-saturated capacity and the 

experimentally measured phenol capacity from aqueous solutions at neutral pH shows 

remarkable agreement for NCB-8h and NCB-5h (Fig. 7d, with an error of ~5%). Note 

that phenol adsorption isotherms measured for these samples are of Langmuir type, 

and the saturation of micropores is reached at ~0.04 mol/dm3. Thus, it is concluded 

that NCB-5h and NCB-8h sample is saturated with a pure phenol, while the water 

molecules stay at solutions. The co-adsorption of water in carbon micropores is 

negligible because building of thin water films at the extended graphic pore walls is 

thermodynamically unfavorable, as is predicted by theory of hydrophobic hydration 

[22-25]. To the best of our knowledge, this is the first microscopic evidence of 

molecular sieving of phenol from aqueous solutions at neutral pH. 
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        The adsorption of phenol from aqueous solutions in nanoporous carbon beads 

activated for three hours (NCB-3h) decreases to ~180 mg/g at saturation, which can 

be explained by its lower surface area of the micropore walls (Table 2). However, the 

experimental adsorption capacity of phenol from water solutions on NCB-3h is 

overestimated by the theoretical phenol-saturated capacity by ~20 mg/g. This result 

can be explained by poor accessibly of narrow ultramicropores for phenol molecules 

due to a short time of CO2 activation. Analysis of phenol adsorption on NCB-1h 

reveals a significant overestimation of the experimental phenol adsorption capacity 

measured at 0.08 mmol/dm3 by the theoretical phenol-saturated capacity by ~50 %. 

Such discrepancy is likely to be a result of out of thermodynamic equilibrium 

adsorption of phenol on NCB-1h sample from aqueous solutions at neural pH.  

To confirm the hypothesis that adsorption of phenol from aqueous solutions 

on NCB-1h sample at neutral pH is a non-equilibrium process, we performed a set of 

adsorption and calorimetry measurements at higher temperatures. Figure 8a,d display 

the temperature variation of phenol adsorption from aqueous solutions on NCB-1h at 

neutral pH; supported by experimental values of the enthalpy of NCB-1h immersion 

in water and phenol solutions measured at 298, 303, and 308 K. The enthalpy of 

NCB-1h immersion in water, ~40-49 mJ/m2, is relatively small and similar for 

different temperatures indicating that surface chemistry is not responsible for the 

anomalous adsorption of phenol on NCB-1h sample. The amount of the adsorbed 

phenol and the enthalpy of immersion in phenol solutions increases with temperature 

because the narrow carbon ultramicropores are more accessible to phenol at higher 

temperatures. Therefore, the adsorption of phenol from aqueous solutions on NCB-1h 

at neutral pH is controlled by slow diffusion of phenol molecules into micropores 

despite connection of the micropores with the exterior [6]. Furthermore, we noticed 

that saturation of the pore spaces has not been achieved within the timescale of the 

experiment at 308 K. Still, the amount of the adsorbed phenol measured at 0.08 

mol/dm3 increases with temperature and it is approaching the theoretical phenol-

saturated capacity computed from pore size distribution function and pore-width 

dependence of pure phenol capacity (Fig. 7d,8d). The experimental results and 

proposed methodological development provide the evidence of molecular sieving of 

phenol from aqueous solutions at neutral pH in NCB samples with high degree of 

activation (e.g. NCB-5h and NCB-8h). In contrast, the adsorption of phenol from 
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water solutions at neutral pH on NCB-1h sample with low degree of activation of 

carbon precursor is out of thermodynamic equilibrium. 

 

 

Figure 8. (a, b) Temperature-dependence of phenol adsorption and enthalpy of NCB-

1h immersion in phenol solutions, respectively. (c) Temperature-dependence of the 

enthalpy of NCB-1h immersion in water. (d) Variation of the experimental phenol 

adsorption capacity (expt.) measured at 0.08 mol/dm3 with temperature for NCB-1h. 

The theoretical phenol-saturated capacity of NCB-1h (theor. Fig. 7d) is given by 

vertical dashed line.   

 

4. Conclusions 

 

We report experimental results of phenol adsorption and immersion in water and 

phenol solutions on a series of nanoporous carbon beads (NCB) prepared from 

polymeric precursor at neutral pH and 298 K. Calorimetric measurements show that 

the enthalpy of immersion for all NCB samples in water is ~39-42 mJ/m2 at 298 K, 

indicating that CO2 activation time does not modify the surface chemistry of studied 
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nanoporous carbons. Low values of the enthalpy of immersion in water and EDX 

analysis confirm that all synthetised NCB samples are hydrophobic nanocarbons. 

NLDFT/QSDFT pore size analysis reveal that all carbon beads are strictly 

microporous materials with pore sizes < 1.4-1.6 nm. The turbostratic model of carbon 

micropores in NCB is confirmed by XRD and confocal Raman spectroscopy analysis. 

The mechanism of phenol adsorption is affected by a small variation in pore size 

distribution functions. NCB samples activated by using CO2 for 5h and 8h at 900 oC 

show large adsorption of phenol from aqueous solutions with saturation of micropores 

at ~0.04 mol/dm3. The best adsorbent NCB-8h adsorb 322 mg/g of phenol at 

saturation, which indicates that co-adsorption of water in this carbon sample is 

negligible. Indeed, theoretical value of 338 mg/g of phenol adsorption computed from 

the NLDFT pore size distribution and pore-width dependence of pure phenol density 

in NCB-8h micropores is consistent with the mechanism of molecular sieving with 

pure phenol adsorbed phase. For NCB-5h sample, the experimental and theoretical 

saturation uptake of phenol is 230 and 252 mg/g, respectively. Therefore, experiment 

and theory consistently show that the co-adsorption of water in NCB-8h and NCB-5h 

samples is negligible. Theory of hydrophobic hydration at extended hydrophobic 

surfaces postulate the mechanism of phenol sieving from water at the neutral pH. This 

theory is also consistent with the experimental measurements of phenol adsorption on 

graphitized carbon black. Király et al. [60] showed that the experimental enthalpy of 

phenol adsorption on graphitized carbon black in the first layer (-11.3 kJ/mol) is close 

to the value of the enthalpy of fusion of 11.514 kJ/mol for phenol at 314.06 K [61]. 

This indicates that the contact layer of phenol adsorbed on graphite is solid-like, and 

the co-adsorption of water is negligible. In next adsorbed layer the enthalpy of phenol 

adsorption is not so exothermic showing that the molecules are more mobile. Our 

theoretical and experimental results showed that solid-like phenol is stabilized in the 

entire adsorption space of micropores by confinement effects. The experimental 

uptake of phenol in NCB-3h and NCB-1h measured at 0.08 mol/dm3 is overestimated 

by the theory. The phenol adsorption and calorimetry measurements on NCB-1h at 

higher temperatures show that adsorption process is out of thermodynamic 

equilibrium. 

        Taking into account that carbon surface oxidation leads to decrease in phenol 

adsorption, the unmodified carbons should be applied to obtain satisfactory phenol 

uptake from aqueous solutions. In this case, knowing the pore size distribution 
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function calculated from low-temperature N2 adsorption isotherm, and using the 

approach proposed in this study, one can estimate maximum phenol adsorption 

capacity. This is the most important practical application of our approach that can be 

used for in-silico designing of carbon adsorbents for removal and clean-up of water 

from phenol. The application of this approach for the study of adsorption of other 

non-electrolyte water pollutions will be reported in future. 
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