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Abstract

Removal of aromatic contaminants, like phenol, frovater can be efficiently
achieved by preferential adsorption on porous aabwhich exhibit molecular
sieving properties. Here, we present nanoporoudooarbeads exhibiting an
outstanding sieving effect in phenol adsorptiomfraqueous solution at neutral pH,
which is evidenced experimentally and theoreticallye molecular sieving with pure
phenol adsorbed phase is achieved by tuning the gize and surface chemistry of
the adsorbent. This study elucidates the essawoimlof hydrophobic interactions in
narrow carbon micropores in removal and clean-upvakr from organic pollutants.
Furthermore, we suggest a new theoretical apprdachevaluation of phenol
adsorption capacity that is based on the MontecCanhulation of phenol adsorption
with the relevance to the pore size distributionction determined by the density

functional theory method from low temperature rggn adsorption.



1. Introduction

Phenol is a planar molecule with a hydroxyl grotgached to the benzene ring. It
represents a spectrum of toxic aromatic water coim@nts characterized by limited
solubility in aqueous solutions. In the last decaitiere has been a considerable
progress in the understanding of the mechanisnphehol adsorption from aqueous
solutions on carbonaceous nanomaterials at varpds([1-8]. However, these
experimental studies lack a molecular level desionpof the adsorption processes in
carbon pores. Furthermore, the theoretical chaiaat®on of the experimental
measurements and postulated microscopic mechareémsenol adsorption from
agueous solutions relay on the classical methods pbenomenological
thermodynamics, e.g. Dubinin’s theory of micropdiléng, Langmuir theory of
adsorption at the solution/solid interface, generiagral equation of adsorption, ideal
solution theory, amongst others [1-10]. Althouglest theoretical approaches have
provided valuable insights, their approximate mnatomay obscure the details of the
phenol adsorption and/or water co-adsorption inepoof molecular size. The
homogenous representation of adsorbed phases Igicah thermodynamics is
guestionable, when the sizes of pores and adsartmecules are similar. This is
because of the molecular packing effects in confjrgeometries [11,12].

Generally, it is believed that adsorption of phefioin aqueous solutions on
carbon nanomaterials depends on fine-tuning of pme& and the control of the pore-
wall chemistry [13-16]. Specific hydrogen bondisgoelieved to be responsible for a
strong adsorption of water and phenol moleculetherprimary adsorption sites, such
as oxygen-containing functional groups dispersedraat graphic edges and pore-wall
defects [17,18]. Water and phenol molecules cao ialeract with common carbon
impurities, e.g. metal oxides, silicates, alumihoates, heteroatoms, and others [9].
As a result, clusters of physisorbed water or/ahdnpl molecules around pore
entrances and impurities may induce blocking ofepentrances, which potentially
create excluded volumes in the pore network. Varionpurities, defects, surface
functional groups and dissolved oxygen can alsoalgs¢ the irreversible
polymerisation of phenol molecules on graphic pesails [19-21]. Indeed,
experiments have revealed that structural parasefee., adsorption capacity,
accessible surface area, micropore volume, andr)trmmputed from phenol

adsorption isotherms measured from aqueous sotutime underestimated in



comparison to those measured from gas phases.i&iaetors, polymerisation and
co-adsorption of water in carbon nanopores, has heed to explain lower uptake of
phenol measured from aqueous solutions. Howevemegointed out, structural
characteristics computed using methods of classigaitenomenological
thermodynamics only approximate this phenomenonthen use for postulation of
the microscopic mechanism of phenol adsorption fexqueous solutions in narrow
slit-shaped carbon pores, with pore width < 2 mcantroversial [9,11,12].

Following the theory of hydrophobic effect develddey Chandler et al. [22-
25], it is expected that narrow slit-shaped graphdarbon pores, classified as
micropores with pore width < 2 nm [26], can indunelecular sieving of aromatic
molecules from aqueous solutions at neural pH. Ehizecause the transfer of water
molecules from aqueous solutions to hydrophobiaopiares (i.e., between extended
graphitic pore walls with separation < 2 nm) isrthedynamically unfavorable [27-
30]. However, planar molecules with benzene-ringifmman be adsorbed in slit-
shaped carbon micropores through London dispemsiwh hydrophobic interactions
[31]. In this paper we provide a combine experirmeand theoretical evidence that
micropores of nanoporous carbon beads are filleth wure phenol at saturation,
leading to selective molecular sieving of phenohiraqueous solutions at neutral pH
and 298 K.

2. Experimental

2.1 Synthesis

Samples of nanoporous carbon beads (NCB) were mmepay carbonization of
acidic, gel-type cation exchange resin based otyrarge-divinylbenzene copolymer
(Lanxess Lewatit, Germany) and subsequent activatiath CQ, at Murdoch
University. In a carbonization step, ~2 g of prescurwere placed in a ceramic
crucible and carbonized at 680 for 1.5 hours in a high-purity Nsteam (~1.0 d
min, BOC, Australia) in a horizontal split-tube Mace. In a second step, the
carbonized beads were activated with,@®900°C for 1, 3, 5, and 8 hours in a high-
purity CO, steam (~1.0 difmin, BOC, Australia) in a horizontal split-tuberfiace.
The resulting carbon samples were labelled NCBwhere x denotes the GO

activation time in hours (e.g., xis 1, 3, 5 and 8)



2.2 Characterization

Raman spectra of NCB samples were recorded usiagWlhrec alpha 300RA+
confocal Raman imaging system at the Centre forddwopy, Characterisation and
Analysis (CMCA), The University of Western Austal{fUWA). We used the laser
excitation wavelength of 532 nm. For each carbompi@, Raman spectra were
collected from ~4-6 points chosen randomly on tindase of NCB sample. Raman
D- (1350 cn1) and G-band (1580 ¢ was fitted using double Lorentzian model
[32,33]. In-plane sizes of graphitic crystallitesere estimated from the Ferrari-
Robertson equation [34]. The;Mdsorption-desorption isotherms on NCB samples
were measured at 77 K using the ASAP 2010 Microystem (Micromeritics,
USA) at Nicolaus Copernicus University. Before eaunkeasurement, the carbon
samples were desorbed in vacuum at 383 K for 35h [dsorption and structural
parameters of NCB samples were computed using Berriammett-Teller (BET)
theory of multilayer adsorption [36], and genemalegral equation of adsorption
implemented with local Nadsorption isotherms computed from classical ooadl
density functional theory (NLDFT) and quenched ¢dliensity functional theory
(QSDFT) [37,38]. X-ray powder scattering patterddRD) of NCB samples were
recorded using the Empyrean multi-purpose resedifffactometer using Cu &
radiation § = 0.15406 nm) at CMCA, UWA. Scanning electron rmgmope images
(SEM) and the energy-dispersive X-ray (EDX) speatfaNCB samples were
recorded using the Verios XHR SEM system at the @GMOWA. The average
spacing between graphitic layers in all studied N&Bnples was computed from
Bragg equation [39]. The enthalpy of immersion dZBNsamples in water and in
phenol solutions was measured at T = 298 K (0198t 303, and 308 K for NCB-1h
sample) using a Tian-Calvet isothermal microcaleten constructed in
physicochemistry of carbon materials research gratpNicolaus Copernicus
University, following the procedure described poasly [40,41]. The measurement
for each NCB sample was repeated three times. iirbewas not larger than 0.5 mJ/
m?. Quantitative analyses of adsorption isothermsewdgtermined using UV-Vis
spectrophotometer JASCO V-660 by the analysis afliegum concentration (after
48h equilibration) measured at 270 nm [40,41].



3. Results and Discussion

Figure la,c present scanning electron microsco@M(Simages of the surface of
NCB-8h sample (SEM images of all remaining NCB sks@re displayed in Fig.
1S,2S in the Supporting Information). The microscagbservations show that with
increasing activation time, the surface area cal/éne patches of pore entrances on
NCB increases. For NCB-8h, pore entrances coveretitege surface of spherical,
~400um in diameter, carbon bead. The high magnificaB&M image of the NCB-
8h surface (Fig. 1c) shows a sponge-like carboh witre entrances ~<2 nm, which
suggests that micropores formed during,@ctivation tend to be directly connected
to the exterior. The Raman spectral examinationtted material display two
overlapping broad bands locating at ~1350 and ~1589(Fig. 1b). Such feature is
associated with the disordering of the samplesddpand stretching vibration in the
aromatic planes (G band), respectively [42,43].sEhievo bands originate from the
nanometer-scale graphitic crystallites [42,43]. Theplane size of graphitic
crystallites, ~2.1-2.4 nm, computed from the FefRmbertson equation [34] is

similar to all NCB samples (Table 1).

Sample La (NM) dooz (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 edthdrom confocal Raman

and XRD measurements.
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Figure 1. (a) SEM image of the NCB-8h sample activated g€, at 900°C for 8
hours. (b) Experimental (symbols) and deconvolygadid lines) Raman spectra of
NCB samples activated using different £@ctivation time (NCB-xh, where xh
denotes activation time in hours). (c) High magmifion SEM image of the surface of
the NCB-8h showing pore entrances. (d) XRD diffiacipatterns for NCB (symbols)
with spectral (002) and (100) diffraction peaksresponding to graphite. Insert panel
highlights a low intensity (002) diffraction pea&uind on XRD diffraction patterns
recorded for NCB-1h and NCB-3h samples only.

X-ray diffraction (XRD) patterns shown on Figure hde dominated by
intensities of (002) and (100) peaks. The (002atition peaks are broadened and
shifted to lower angles as compared to (002) diffom peak of graphite, which
indicates larger interlayer spacing between grappitines of nano-crystallites than
those of graphite [44]. Indeed, an average interl@apacing (d002) computed for all
NCB samples is greater than this of graphite sgaoin0.335 nm (Table 1). These
structural characteristics are typical for turbastr carbonaceous materials [44-46].



Therefore, a graphitic slit-shaped pore model wssdufor pore size distribution
analysis and computer modelling of phenol adsongtioNCB samples [47-50].

The composition of phenol-water mixtures adsorlredraphitic micropores
embedded in disordered carbon matrix is not dyeesteasurable. However, if the
water co-adsorption in micropores is negligible, niay be expected that the
theoretical phenol-saturated capacity of NCB samiglecomparable with the
experimentally measured saturation capacity of phémm aqueous solutions at
neutral pH. This assumption is justified for Langmype adsorption isotherm (e.qg.
type L isotherm following to Gilles classificatiom)easured from aqueous solutions
only, when the affinity of solute to adsorbent &ywhigh [51,52].

To calculate the phenol-saturated capacity of N@Bdes, Ny, we propose
a novel two-step approach. In the first step, wedopmed constant pressure Gibbs
ensemble Monte Carlo simulations (CP-GMC) of purerl adsorption in graphitic
slit-shaped pores at saturated vapor pressure erightand 301 K (Section 1 in the
Supporting Information) [53,54]. This allowed us tietermine the pore-size
dependence of phenol-saturated capacitysoiiH), computed as the adsorbed mass
of pure phenol per unit area of pore walls, ingéhére range of micropores accessible
to phenol molecules (0.23 nm < H < 2.0 nm). Ine@ose step, for each NCB sample,
we determined the pore size distribution functiffi), from the experimental N
adsorption isotherm (77 K), &i(p/po), by deconvolution of the generalized
adsorption equation using second-order Tikhonoulegzation functional with non-

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

Noo (/) = [ Ny oer (P/y, H)f(H)dH (1)

The set of local M adsorption isotherms in slit-shaped graphitic pames,
Nnioet(p/po,H), were generated from the non-local density fioma@l theory proposed
by Tarazona (Section 2 in the Supporting Inform@tio

Having a pore size distribution function and theepsize dependence of
phenol-saturated capacity, we predicted theoréitad phenol-saturated capacity for

each NCB sample by using the following expression:

N = [ Nyeo(H)(H)dH 2)



Note that in eq. (1) it is assumed that carbon opiares filled with N molecules at
77 K are fully accessible to phenol molecules ausdrfrom aqueous solutions at
neutral pH and 298 K. The experimental verificataithis assumption is presented

in Figure 7d.
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Figure 2. (a) Experimental pladsorption isotherms (77 K) on series of NCB sas\pl
(solid lines presents NLDFT fitting). (b) Pore sidistributions functions computed
from N, adsorption isotherms and NLDFT method. (c) Experital phenol
adsorption isotherms from aqueous solutions atrakepH (298 K). (d) Experimental
enthalpy of NCB immersion in water per surface aneasured at 298 K.

Figure 2a presents the, Mdsorption isotherms on NCB at 77 K measured
volumetrically. The isotherms are typical for migomous materials with graphitic
pores of uniform size (type | isotherm following RdPAC) [26]. The surface area of
micropore walls and micropore volume of NCB is fin@ed by CQ activation time

(Table 2). For all synthetised NCB samples, a damtircontribution from graphitic



ultramicropores (pore width < 0.6 nm) is shown blyDWT pore size distribution
functions (Fig. 2b). In addition, the NCB-5h and BI8h samples contain a fraction
of graphitic supermicropores (0.6 < pore width €©)2.Figure 2c,d illustrate the
impact of CQ activation time on the adsorption of phenol froqu@ous solutions at
neutral pH and the enthalpy of NCB immersion in evasolutions, respectively.
Adsorption of phenol from water solutions on NCBngdes is very sensitive to small
variations in a pore-size distribution function.n§de NCB-1h adsorbs only ~50
mg/g of phenol at 0.08 mol/dhand the plateau is not experimentally reached. (Fig
2c). The pore structure of NCB-3h, -5h and -8hhient progressively opened with a
longer CQ activation time. This phenomenon explains a grattaasformation of a
linear phenol adsorption isotherm (sample NCB-Ihjhie Langmuir type isotherm
measured for NCB-8h sample. The phenol adsorpapadty of 322 mg/g measured
for NCB-8h is one of the highest reported for acspen of adsorbents (Fig. 3). In
contrast, measured enthalpy of immersion of studation samples in water shows
little variation between studied carbon samples iananges from 39-42 mJ/ngFig.
2d). Therefore, it implies that during the progressctivation of carbonized polymer
beads there are no changes in the chemical conguositcarbon surface. Moreover,
the comparison of immersion enthalpies of NCB irtevavith the calorimetric data
published for chemically modified activated carbdeads to the conclusion about
negligibly small concentration of surface functibrggoups [40]. The results of
energy-dispersive X-ray spectroscopy (EDX) analgsisfirm that all NCB samples
contain mostly carbon (~90 %), sulfur (~6%), anggen (~4%) (Fig. 3S-6S in the

Supporting Information).

Sample SgeT SuorT SosoFT aBET Aexpt. VOSDFT
(m*g) (m?/g) (m?g) | mmolg | (mmolig) | (cm/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 fropraNsorption isotherms at 77 K.
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Figure 3. Evaluation of the best adsorbents for phenol reinf®&. The NCB-8h

sample was synthetised in the current study.

In equilibrium-controlled adsorption, planar phemablecules are able to
adsorb in extremely narrow ~0.28 nm ultramicropofidse phenol-saturated capacity
computed per surface area of graphic pore walleases linearly with pore width,
with an exception of singe- to double-layer packiransition around ~0.6 nm (Fig.
4). The number of hydrogen bonds (H-bonds) per pherolecule in slit-shaped
pores saturated with pure phenol depends on thewioith (Fig. 5 and movies in the
Supplemental Information). In narrow carbon ultrampores <0.6 nm, graphitic
pore-walls imposed strong constraints for rotatiefisphenol molecules (Fig. 6).

Phenol molecules adsorbed in ~0.3-0.42 nm ultraopares are lying flat on

11



graphitic pore-walls, and the structure of the adsd film is stabilized by ~1.0-1.1
H-bonds per phenol molecule. With widening of poase, increase in orientation
disorder and a decrease in a number of H-bonds &) is observed. A clear
minimum of ~0.8 H-bonds per phenol molecule (iiguid-like phenol) corresponds
to a single- to double-layer packing transitiortted adsorbed phenol (Fig. 4).
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Figure 4. Pore-width dependence of pure phenol adsorptioadagp(open circles) in
graphitic slit-shaped pores computed from CP-GM@Gu$ations (301 K, 59 Pa). The
contribution from the monolayer capacity is disgdyby filled circles. Snapshots on
the left- and right-hand side of the plot show pagkof phenol at saturation in 0.3,
0.42, 0.8, and 1.5 nm micropores (red squares enntfddle panel). Note that the
graphics collected in this figure, and Fig. 5,6 areated using the VMD program
[59].
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computed from CP-GMC simulations (301 K, 59 Pa).sliz horizontal line
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panel).
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The analysis of theoretical phenol-saturated c#éypdor the studied NCB
samples clearly demonstrates the importance of-gaeedistribution function in the
entire range of micropores (Fig. 7a,b). The phesadlrated capacity is dominated by
contribution from graphitic ultramicropores <0.6 r{fig. 7a,b). This is because the
surface area of the ultramicropore walls is sigaifitly higher than the surface area of
the supermicropore walls (Fig. 2b). During the JCQuctivation process,
ultramicropores are created first. Subsequentlg, ftaction of supermicropores is
developed by widening the existing ultramicroporg@wever, as it is shown in
Figure 4, the values of phenol-saturated capagigupermicropores are significantly
higher compared to ultramicropores characterizedeByricted adsorption space and
close proximity of the pore walls. As a result, ghteenol capacity per mass of NCB
sample is steeply increasing up to ~0.6 nm, folebey its gradual increase up to

~1.4-1.6 nm (Fig. 7b).
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NCB immersion in aqueous solutions of phenol at 228(d) Theoretical and

experimental capacity of phenol on NCB samples oreasfrom aqueous solutions at

neutral pH and 298 K.

The comparison between theoretical phenol-saturateplacity and the
experimentally measured phenol capacity from agsisolutions at neutral pH shows
remarkable agreement for NCB-8h and NCB-5h (Fig.with an error of ~5%). Note
that phenol adsorption isotherms measured for teasgles are of Langmuir type,
and the saturation of micropores is reached at4M6l/dn?. Thus, it is concluded
that NCB-5h and NCB-8h sample is saturated withuee pphenol, while the water
molecules stay at solutions. The co-adsorption afewin carbon micropores is
negligible because building of thin water filmstlé extended graphic pore walls is
thermodynamically unfavorable, as is predicted Hwoty of hydrophobic hydration
[22-25]. To the best of our knowledge, this is first microscopic evidence of

molecular sieving of phenol from aqueous solutianseutral pH.
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The adsorption of phenol from aqueous smistin nanoporous carbon beads
activated for three hours (NCB-3h) decreases td-~+hf/g at saturation, which can
be explained by its lower surface area of the npiere walls (Table 2). However, the
experimental adsorption capacity of phenol from ewasolutions on NCB-3h is
overestimated by the theoretical phenol-saturatgzhaty by ~20 mg/g. This result
can be explained by poor accessibly of narrow mliceopores for phenol molecules
due to a short time of CQactivation. Analysis of phenol adsorption on NCB-1
reveals a significant overestimation of the expental phenol adsorption capacity
measured at 0.08 mmol/drby the theoretical phenol-saturated capacity by %6
Such discrepancy is likely to be a result of outtleérmodynamic equilibrium
adsorption of phenol on NCB-1h sample from aquesnlistions at neural pH.

To confirm the hypothesis that adsorption of phenmin aqueous solutions
on NCB-1h sample at neutral pH is a non-equilibriprocess, we performed a set of
adsorption and calorimetry measurements at highmepératures. Figure 8a,d display
the temperature variation of phenol adsorption famneous solutions on NCB-1h at
neutral pH; supported by experimental values ofehthalpy of NCB-1h immersion
in water and phenol solutions measured at 298, 808, 308 K. The enthalpy of
NCB-1h immersion in water, ~40-49 mJmis relatively small and similar for
different temperatures indicating that surface dsemis not responsible for the
anomalous adsorption of phenol on NCB-1h sample dimount of the adsorbed
phenol and the enthalpy of immersion in phenol tsmhs increases with temperature
because the narrow carbon ultramicropores are moressible to phenol at higher
temperatures. Therefore, the adsorption of pheonat faqueous solutions on NCB-1h
at neutral pH is controlled by slow diffusion ofgstol molecules into micropores
despite connection of the micropores with the estd6]. Furthermore, we noticed
that saturation of the pore spaces has not beaevachwithin the timescale of the
experiment at 308 K. Still, the amount of the atdedr phenol measured at 0.08
mol/dnt increases with temperature and it is approachirey theoretical phenol-
saturated capacity computed from pore size digtabufunction and pore-width
dependence of pure phenol capacity (Fig. 7d,8de €kperimental results and
proposed methodological development provide thdesge of molecular sieving of
phenol from agueous solutions at neutral pH in N&&ples with high degree of
activation (e.g. NCB-5h and NCB-8h). In contra$ie tadsorption of phenol from
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water solutions at neutral pH on NCB-1h sample athv degree of activation of

carbon precursor is out of thermodynamic equiliforiu
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Figure 8. (a, b) Temperature-dependence of phenol adsorptidrenthalpy of NCB-
1h immersion in phenol solutions, respectively. Temperature-dependence of the
enthalpy of NCB-1h immersion in water. (d) Variatiof the experimental phenol
adsorption capacity (expt.) measured at 0.08 mdlAdith temperature for NCB-1h.
The theoretical phenol-saturated capacity of NCB@heor. Fig. 7d) is given by

vertical dashed line.

4. Conclusions

We report experimental results of phenol adsorpaod immersion in water and
phenol solutions on a series of nanoporous carkEadd (NCB) prepared from
polymeric precursor at neutral pH and 298 K. Cabetric measurements show that
the enthalpy of immersion for all NCB samples intevds ~39-42 mJ/fat 298 K,

indicating that C@ activation time does not modify the surface chémisf studied
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nanoporous carbons. Low values of the enthalpynrohersion in water and EDX
analysis confirm that all synthetised NCB samples laydrophobic nanocarbons.
NLDFT/QSDFT pore size analysis reveal that all ocarbbeads are strictly
microporous materials with pore sizes < 1.4-1.6 fhe turbostratic model of carbon
micropores in NCB is confirmed by XRD and confoRalman spectroscopy analysis.
The mechanism of phenol adsorption is affected gmall variation in pore size
distribution functions. NCB samples activated bingsCQO, for 5h and 8h at 908C
show large adsorption of phenol from aqueous smistith saturation of micropores
at ~0.04 mol/drh The best adsorbent NCB-8h adsorb 322 mg/g of ghah
saturation, which indicates that co-adsorption @ftexr in this carbon sample is
negligible. Indeed, theoretical value of 338 mgigleenol adsorption computed from
the NLDFT pore size distribution and pore-width elegence of pure phenol density
in NCB-8h micropores is consistent with the meckianbf molecular sieving with
pure phenol adsorbed phase. For NCB-5h sampleexperimental and theoretical
saturation uptake of phenol is 230 and 252 mgkpeetively. Therefore, experiment
and theory consistently show that the co-adsorpifonater in NCB-8h and NCB-5h
samples is negligible. Theory of hydrophobic hydatat extended hydrophobic
surfaces postulate the mechanism of phenol siduimg water at the neutral pH. This
theory is also consistent with the experimental sueaments of phenol adsorption on
graphitized carbon black. Kiraly et al. [60] showdt the experimental enthalpy of
phenol adsorption on graphitized carbon black enfifst layer (-11.3 kJ/mol) is close
to the value of the enthalpy of fusion of 11.514mal for phenol at 314.06 K [61].
This indicates that the contact layer of phenobdasd on graphite is solid-like, and
the co-adsorption of water is negligible. In neasarbed layer the enthalpy of phenol
adsorption is not so exothermic showing that thdemdes are more mobile. Our
theoretical and experimental results showed thiad-8ke phenol is stabilized in the
entire adsorption space of micropores by confindnmedfects. The experimental
uptake of phenol in NCB-3h and NCB-1h measuredG8 énol/dni is overestimated
by the theory. The phenol adsorption and caloriyneteasurements on NCB-1h at
higher temperatures show that adsorption processous of thermodynamic
equilibrium.

Taking into account that carbon surfacedation leads to decrease in phenol
adsorption, the unmodified carbons should be agpleobtain satisfactory phenol

uptake from aqueous solutions. In this case, kngwime pore size distribution
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function calculated from low-temperature, Mdsorption isotherm, and using the
approach proposed in this study, one can estimaginmum phenol adsorption

capacity. This is the most important practical agtlon of our approach that can be
used for in-silico designing of carbon adsorbeontsrémoval and clean-up of water
from phenol. The application of this approach floe study of adsorption of other

non-electrolyte water pollutions will be reportedfiuture.
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