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Removal of chlorophenols from aqueous solutions by sorption onto walnut, 
pistachio and hazelnut shells
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The effi ciency of walnut, pistachio and hazelnut shells to remove three monochlorophenols (2-CP, 3-CP and 4-CP) 
from aqueous solutions has been investigated. To describe the kinetic data pseudo-fi rst and pseudo-second order 
models were used. The kinetics data were fi tted better into the pseudo-second order model with the coeffi cient of 
determination values greater than 0.99. The k2 values increased in the order 4-CP < 3-CP < 2-CP. Sorption was 
also analyzed as a function of solution concentration at equilibrium. The experimental data received were found 
to be well described by the Freundlich isotherm equation. Effectiveness of chlorophenols removal from water on 
the walnut, pistachio and hazelnut shells was comparable. Individual differences in sorption of monochlorophenols 
were also negligible.
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INTRODUCTION

  Chlorophenols (CPs) are organic compounds of cyclic 
aromatics formed by replacing hydrogen atoms in phenol 
molecule by chlorine atoms. They can be introduced 
into the water, soil and air from various sources such 
as wood and fi bers preservatives, production and use 
of pesticides1, 2 or as possible by-products of drinking 
water disinfection3. Because of the long persistence and 
high toxicity of chlorophenols their use is prohibited or 
restricted in many countries4. 

Different methods for removal of chlorophenols from 
water, including biodegradation5, 6, oxidation by Advanced 
Oxidation Processes (AOPs)7–10 and adsorption, especially 
on activated carbons11–15 are used. In particular, for its 
high effi ciency, and simplicity of operation, adsorption 
on activated carbon has proven to be one of the most 
attractive and effective methods for removal of phenolic 
compounds from water. However, their use is associated 
with several disadvantages. Regeneration of spent acti-
vated carbons produces additional effl uents, and more-
over, is expensive and impractical on a large scale16–18. 
Recently, numerous approaches have been studied for 
the development of cheaper and effective sorbents as an 
alternative to replace costly activated carbon18–27. They 
should be cheap, easily available and disposable without 
regeneration. Many non-conventional low-cost sorbents 
that are available in large quantities, including natural 
and biological materials16–23, 27 (e.g. zeolites, clay, chitin, 
chitosan, peat, yeasts, fungi or bacterial biomass, wood, 
barley and rice husk), and waste materials from industry 
and agriculture16–18, 20 (e.g. fl y ash, red mud, sludges), 
have been proposed by several authors. Nut shells 
waste, which presents serious disposal problems to the 
environment, is also available as a low-cost by-product 
from food industries. The use of nut shells as low-cost 
adsorbents is very advantageous from a technological 
point of view, because, in contrast to other adsorbents, 
there is no problem with their disposal. After use nut 
shells can be utilized in waste incineration plants or may 
be a high calorifi c fuel for industry (e.g. electric power 
stations, cement factories). Removal of chlorophenols 
was investigated only on coconut shells24, 25. Hazelnut 

shells were applied for water removal of dyes28, 29 and 
metal ions30, 31, whereas walnut shells were used as sor-
bents for removal of sulfamethoxazole32 and copper(II)30, 
chromium(VI)31, lead(II)33 and cadmium(II)34 ions.

The aim of the present study is to investigate and 
describe kinetics and equilibria of sorption of monochlo-
rinated phenols (2-, 3-, and 4-chlorophenol) on walnut, 
hazelnut and pistachio shells from aqueous solutions.

MATERIAL AND METHODS

Reagents and sorbents
2-chlorophenol, >99% (2-CP), 3-chlorophenol, 98% 

(3-CP), and 4-chlorophenol, >99% (4-CP) were from 
Sigma (St Louis, MO, USA). HPLC-grade acetonitrile, 
acetic acid, hydrochloric acid, sodium hydroxide and 
sodium chloride were received from POCH (Gliwice, 
Poland). As sorbents walnut (Juglans regia), pistachio 
(Pistacia vera) and hazelnut (Corylus avellana) shells were 
chosen. The crushed nut shells were sieved through two 
sieves – 2.0 mm sieve (No. 10) and 1.0 mm sieve (No. 
18). Only the middle fraction was used in experiments 
– the average size of the shells ranged from 1.0 to 2.0 
mm. Then the mean diameter of the resulting particles 
was assumed as 1.5 millimeters. Before their use, all the 
sorbents were washed thoroughly with deionized water 
and oven dried at 130°C to constant weight. 

The point of zero charge of the nut shells was deter-
mined by the pH drift method described by Ferro-García 
et al.35 To determine the pHPZC, 1.0 g of nut shells was 
added to Erlenmeyer fl asks containing 50 mL of 0.01 
mol/L NaCl. The pH within each fl ask was adjusted to 
values ranging from 2 to 12 by adding either 0.1 mol/L 
NaOH or 0.1 mol/L HCl. Then, the fl asks were shaken 
for 24 h, and the fi nal pH of the solution was measured. 
The fi nal pH was plotted against the initial pH and the 
intersection point of the obtained curve was taken as 
the point of zero charge, pHPZC.

The specifi c surface area of nut shells was determined 
by a Gemini 2360 surface area analyzer (Micromeritics, 
Norcross, GA, USA). Scanning electron microscopy 
analysis (SEM, LEO 1430VP, Electron Microscopy Ltd., 
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the fl ow rate 0.25 mL/min, and the detector wavelength 
was from 274 to 281 nm. 

RESULTS AND DISCUSSION

Characterization of the sorbents 
Scanning electron micrographs of walnut, hazelnut and 

pistachio shells are presented in Figure 1. The elemental 
analysis data (Table 1) showed that the walnut and pi-
stachio have similar compositions. Hazelnuts differ quite 
signifi cantly. They have signifi cantly less of nitrogen and 
aluminum, and additionally, have magnesium and cal-
cium, which are not observed in the walnut and pistachio. 
The BET surface area of walnut, pistachio and hazelnut 
shells was 11.2, 12.1 and 9.8 m2/g, respectively. In the 
literature there is no information about the SBET of the 
nut shells. According to the best of our knowledge, only 
Teixeira et al.32 reported the values   for the walnut shells 
(13.1 ±0.1 m2/g). The result obtained by us is lower. It 

Cambridge, England) was carried out for the nut shells 
to study the surface morphology. A micro-analytical 
SEM-EDS method (EDS analysis system Quantax 200, 
Bruker-AXS Microanalysis, Berlin, Germany, integrated 
with SEM) was applied to the quantitative chemical 
compositions of sorbents surface. These studies were 
conducted in Laboratory of Instrumental Analysis, Ni-
colaus Copernicus University, Toruń, Poland.

Sorption procedures
The effect of sorbent dose was studied by varying the 

dosages of nut shells from 0.25 to 1.5 g, in 40 mL of 
solution, at constant initial chlorophenol concentration 
of 0.2 mmol/L. The experiments were conducted only 
for walnuts and 2-chlorophenol, because we assumed 
that the other sorbents and other monochlorophenols 
will behave similarly.

The effect of pH on the 2-CP, 3-CP and 4-CP removal 
was studied by varying the initial pH of the solutions 
from pH 2 to 12. The pH was adjusted using 0.1 mol/L 
HCl and 0.1 mol/L NaOH. The monochlorophenols initial 
concentration was fi xed at 0.25 mmol/L, with nut shells 
dosage of 1.0 g per 40 mL of the solution.

Sorption experiments were carried out in a batch 
mode with following procedure. For each time 1.0 g of 
walnut, pistachio or hazelnut shells and 40 mL of mo-
nochlorophenols solutions were mixed in an Erlenmeyer 
fl ask, which were then shaken. After mixing, solutions 
were fi ltered and analyzed by high-performance liquid 
chromatography with UV detection. 

The kinetic studies were conducted for initial concen-
tration of aqueous solution 0.25 mmol/L at temperature 
of 25oC. The amount of sorption at time t, qt (mmol/g), 
was calculated by the following equation: 

 (1)

where: C0 and Ct are the initial concentration and 
chlorophenol concentration at time t (mmol/L), V is 
the volume of the solution (L) and m is the mass of 
the sorbent (g).

In sorption isotherm studies, solutions with different 
initial concentrations of 2-CP, 3-CP or 4-CP (0.05–0.5 
mmol/L) were prepared. The equilibrium time was set as 
4 hours and mass of all sorbents was 1.0 g. The uptake 
of the monochlorophenols at equilibrium, qe (mmol/g), 
was calculated from equation (2):

 (2)

where: Ce is equilibrium concentration of chlorophenol 
(mmol/L) solution. 

The fi nal equilibrium concentrations of the chlorophe-
nols in solutions were measured chromatographically.

Analytical method
For determination of 2-CP, 3-CP and 4-CP a high-

-performance liquid chromatography method with UV 
detection was used (Shimadzu LC-20, Kyoto, Japan). The 
chromatographic analyzes were carried out under isocratic 
conditions on a Phenomenex Luna C18, 4.6×150 mm, 
3 μm column (Torrance, CA, USA). The mobile phase 
consisted of acetonitrile and water adjusted to pH 3.0 
with acetic acid (50/50, v/v). The temperature was 40°C, Figure 1. SEM images of (a) walnut (b) pistachio and (c) 

hazelnut shells
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may be caused by some other measurement apparatus 
or a different sorbent fragmentation (0.25–0.50 mm32 vs. 
1.0–2.0 mm in these studies).

The pHPZC values of walnut, pistachio and hazelnut 
shells are 4.6, 5.1 and 5.0, respectively, and are in general 
agreement with those obtained by other authors30–33.

Effect of sorbent dose
The effect of the sorbent dose was studied for fi ve wal-

nut shells amounts: 0.25, 0.50, 0.75, 1.0 and 1.50 g. The 
results, presented in Figure 2, show that the sorption of 
2-chlorophenol increases with increase in the amount of 
sorbent. The % of chlorophenol removed from aqueous 
solution after 4 hours increased from 3.9 to 13.5% when 
0.25 and 1.50 g of walnut shells were used, respectively. 
The increase in chlorophenol sorption is possibly due to 

Figure 2. Effi cacy of sorption of 2-chlorophenol on walnut 
shells

Table 1. Elemental composition of all three sorbents from SEM-EDS

Figure 3. Effect of pH on the sorption amount of 2-CP, 3-CP 
and 4-CP on nut shells

the increase availability of 2-CP binding sites resulting 
from an increase in sorbent dosage. A dose of 1.0 g of 
sorbent was considered for further sorption experiments.

Effect of pH
The effect of solution pH was studied in the range 

of 2 to 12 and the results are presented in Figure 3. 
As it is seen, the removal of chlorophenols was almost 
constant from pH 2 to 4 and decreased signifi cantly with 
further increase in pH. For example, the amount of 4-CP 
adsorbed at equilibrium (qe) on walnut, pistachio and 
hazelnut shells decreases from 0.0019 to 0.0001 mmol/g, 
from 0.0030 to 0.0003 mmol/g and from 0.0026 to 0.0002 
mmol/L, respectively. It was suggested that the sorption 
is highly dependent on pH of the solution which affects 
the surface charge of the nut shells, and the degree of 
ionization and speciation of the monochlorophenols.

The pKa of 2-CP, 3-CP and 4-CP is 8.3–8.6, 8.8–9.1 and 
9.1–9.4, respectively1. At lower pH values (pH < pKa) 
chlorophenols are present as the neutral (protonated) 
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form, while at a higher pH (pH > pKa) they are de-
protonated and exist as the negatively charged pheno-
xide ions. The pHPZC values of walnut, pistachio and 
hazelnut shells are 4.6, 5.1 and 5.0, respectively. The 
surface charge of the sorbents is positive when the so-
lution pH is below the pHPZC value while it is negative 
at a pH over the pHPZC

36. As pH increases, the degree 
of dissociation of chlorophenol molecules becomes hi-
gher thereby making it more negatively charged. This 
leads to increased electrostatic repulsion or dispersion 
between the phenoxide ions and the nut shell surface 
and subsequently a decrease in chlorophenol uptake 
with increase in pH as was observed in the pH from 
2 to 12. The surface of walnut, pistachio and hazelnut 
shells is positively charged at pH below 4.6, 5.1 and 5.0, 
respectively,  and negatively charged at pH above these 
values. Therefore, nut shells exhibit higher sorption 
potential for chlorophenols at lower pH. 

The results showed that the pH strongly infl uences 
the chlorophenols sorption onto nut shells, however, the 
behavior of all three chlorophenols is very similar on all 
sorbents investigated. These similarities are due to the 
similar nature of sorbates (pKa) and sorbents (pHPZC). 
Despite the fact that the pH signifi cantly affect the 
sorption of chlorophenols on nut shells, all subsequent 
studies were carried out in distilled water (pH 6.5–7.0).

Kinetic studies
Figure 4 shows the sorption kinetics of all mono-

chlorinated phenols on walnut, pistachio and hazelnut 
shells. It was observed, that the sorption equilibrium was 
achieved after approximately 2 hours for all the cases 
examined. The experimental results were described by the 
pseudo-fi rst and pseudo-second order models equations. 
The pseudo-fi rst-order rate equation37 is expressed as: 

 (3)

where qe and qt are the amounts of  sorption at equili-
brium and at time t, respectively, and k1 is the pseudo-fi rst 
order rate constant. Straight line plots of log(qe – qt) 
versus t were used to determine the rate constants k1, 
and correlation coeffi cients R2. 

The pseudo-second-order rate equation38 is given as:

 (4)

where qe and qt are the amounts of sorption at equili-
brium and at time t, respectively, and k2 is the pseudo-
-second order rate constant. The plot t/qt against t should 
give a straight line if pseudo-second-order kinetics is Figure 4. Sorption kinetics of chlorophenols on walnut, pista-

chio and hazelnut shells

Table 2. Pseudo-fi rst and pseudo-second order rate constants for sorption of chlorophenols on nut shells
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applicable and k2 can be determined from the linear 
equation of the plot. The rate constants (k1, k2) and 
correlation coeffi cients R2 of the both kinetic models 
are listed in Table 2.

In general, the pseudo-second order model fi ts the 
experimental data quite well with correlation coeffi cients 
better than 0.99. These facts suggest that the sorption 
of chlorophenols by nut shells follows the pseudo-se-
cond order kinetic model. The 2-chlorophenol is sorbed 
more rapidly than 3-chlorophenol, and defi nitely faster 
than 4-chlorophenol. The k2 values follow the order of 
2-CP>3-CP>4-CP. On the other hand, the type of sorbent 
does not signifi cantly affect the rate of sorption of the 
individual compounds. The k2 values   observed for walnut, 
pistachio and hazelnut shells are similar for the same 
chlorophenols. For example, the values of k2 calculated 
for 2-chlorophenol are 29.2, 26.9 and 27.1 g/mmol · min 
for walnuts, pistachios and hazelnuts, respectively.

In order to investigate the mechanism of adsorption the 
intraparticle diffusion model (Weber-Morris model)39 was 
also used. The Weber-Morris equation is described as:

 (5)

where: ki is the intraparticle diffusion rate constant 
(mmol/g · min–1/2) and Ci is the thickness of the boun-
dary layer. The plots qt = f(t1/2) for all chlorophenols 
onto walnut, pistachio and hazelnut shells are presented 
in Figure 5. If the plot passes through the origin, then 
the rate limiting process is only due to the intrapartic-
le diffusion. Moreover, the plot qt versus t1/2 is linear 
when the intraparticle diffusion occurs40, 41. As can be 
seen in the Figure 5 none of the lines passed through 
the origin. This suggests that the intraparticle diffusion 
was not the only rate-controlling step. The plots shown 
in Figure 5 were not linear over the whole time range, 
indicating that more than one process affected the ad-
sorption. The fi rst, sharper region is the instantaneous 
adsorption or external surface adsorption, whereas the 
second step correspond to the gradual adsorption stage, 
where intraparticle diffusion is the rate-limiting step.

Equilibrium studies
Figure 6 shows the sorption isotherms of 2-chloro-

phenol, 3-chlorophenol and 4-chlorophenol on walnut, 
pistachio and hazelnut shells (left column) and percentage 
removal of chlorophenols versus equilibrium concentra-
tion (right column). As can be seen the course of the 
isotherms is almost linear. According to the isotherms 
classifi cation introduced by Giles et al.42, they can be 
classifi ed into C1 isotherms. The C curves (linear cu-
rves) are given by solutes which penetrate into the solid 
more readily than does the solvent. A similar isotherm 
shape was observed for adsorption of water on wool42, 
disperse dyes on cellulose diacetate42, phenol on cellulose 
triacetate42 or chlorophenols on peat27.

To test the fi tting of the experimental data the Freun-
dlich isotherm model43 was used. The Freundlich isotherm 
is given by equation (6):

 (6)

which can be linearized to:

 (7)

Figure 5. Intraparticle diffusion model for the sorption of 
2-CP, 3-CP and 4-CP on nut shells

where: KF (mmol/g) · (L/mmol)1/n, and n are Freundlich 
equation constants which relate to sorption capacity 
and sorption intensity of the sorbent. These constants 
were calculated from the intercept and slope of ln qe 
versus ln Ce plot and are listed in Table 3. The linear 
Freundlich isotherm plots of 2-CP, 3-CP and 4-CP are 
presented in Figure 7. 

The linear regression correlation coeffi cient values show 
that the equilibrium data obtained for all chlorophenols 
were well represented by the Freundlich isotherm model 
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(R2>0.99). The results indicate that the best sorbent for 
the removal of chlorophenols from water are pistachio 
and then walnuts, and hazelnuts. However, the differences 
are very small. These observations also confi rmed by plots 
of % removal vs equilibrium concentration (Fig. 6, right 
column). The % removal of chlorophenols increases in 
the order hazelnuts < walnuts < pistachios. The results 
show also that there is no correlation between the ele-

Figure 6. Sorption isotherms of 2-CP, 3-CP and 4-CP on nut shells (left column) and removal of chlorophenols by walnut, pistachio 
and hazelnut shells (right column)

mental composition of the nut shells and their adsorption 
capacities. The KF values calculated for 2-chlorophenol 
were 0.009, 0.012 and 0.007 (mmol/g) · (L/mmol)1/n for 
walnut, pistachio and hazelnut, respectively. The position 
of the chlorine atom in the molecule does not affect 
the monochlorophenol sorption. On the same nut shells 
sorption of 2-CP, 3-CP or 4-CP is at the same level. 
The KF values observed for 2-CP, 3-CP and 4-CP were 
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0.009, 0.009 and 0.008 for walnut, 0.012, 0.011 and 0.012 
for pistachio, and 0.007, 0.007 and 0.008 (mmol/g) · (L/
mmol)1/n for hazelnut shells.

CONCLUSIONS

The sorption experimental investigation indicated that 
the waste walnut, pistachio or hazelnut shells can be used 
as an alternative sorbents for the removal of chlorophe-
nols from aqueous environment. The sorption kinetics 
revealed that the process followed the pseudo-second 
order kinetic model, whereas, the sorption equilibrium 
data were found to be well described by the Freundlich 
isotherm equation. The sorption equilibrium was achieved 
after approximately 2 hours – about three times faster 
than on activated carbon11, 13, 14. 

To justify viability of nut shells as an effective sorbent 
for removal of chlorophenols from water, their sorption 
capacity of target pollutants needs to be compared with 
that of other sorbents. However, such a comparison is 
diffi cult and very relative due to different experimental 
conditions e.g. pH, temperature, concentration range, 
wastewater composition, type of raw materials of the 
sorbent. The authors use different units (e.g. milligrams or 
millimoles) and various mathematical models describing 
the experimental data, which makes it more diffi cult to 
compare the results with each other. Therefore, sorption 
properties of the nut shells were compared with literature 
data obtained under similar experimental conditions.  The 
Freundlich KF constant is an indicator of the adsorption 
capacity of the adsorbent. The KF values obtained for 
4-chlorophenol sorption onto walnut, pistachio and ha-
zelnut shells were 0.008, 0.012 and 0.008 (mmol/g) · (L/
mmol)1/n, respectively. For comparison, the KF values 
for 4-CP were 0.025 on bentonite44, 0.037 on peat27, 
0.118 on modifi ed sewage sludge45, 0.139 and 0.473 on 
short hydroxyl and carboxyl multi-walled carbon nano-
tubes15, 0.677 on Vulcan XC 72 carbon black15, 1.700 on 
polymeric adsorbent46, 2.138 on Norit R3-ex activated 
carbon15 and 2.267 (mmol/g) · (L/mmol)1/n on carbon 
fi bers47. As can be seen, the sorption of 4-CP on nut 
shells is slightly worse than in other low-cost sorbents. 
Compared to carbonaceous materials these differences 
are very signifi cant. The sorption capacity of the nut 
shells for the chlorophenols removal is not excessive, 
especially in comparison to activated carbon, but these 
disadvantages can be compensated by their low cost and 
easy availability.

Table 3. Freundlich isotherm model parameters for sorption of chlorophenols on nut shells

Figure 7. Linear Freundlich isotherm of 2-chlorophenol, 
3-chlorophenol and 4-chlorophenol
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