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INFLUENCE OF pH ON ADSORPTION KINETICS OF
MONOCHLOROPHENOLS FROM AQUEOUS SOLUTIONS
ON GRANULAR ACTIVATED CARBON

WPLYW pH NA KINETYK E ADSORPCJI MONOCHLOROFENOLI
Z ROZTWOROW WODNYCH NA GRANULOWANYM W EGLU AKTYWNYM

Abstract: Adsorptive removal of 2-, 3- and 4-chlorophenaolnfraqueous solutions by granular activated carbon
was studied. The influence of different experimeptaameters like initial concentration, carbonatgsand pH

on the adsorption of monochlorophenols were evatlathe influence of type of acid and base usedvider
acidification or alkalization was also tested. Thsults indicate that acidic pH is favorable fag #dsorption of
chlorophenols; however the type of acid or alkaled for the change of pH has a little influence ditnot
significantly affect the adsorption efficiency. Tipél played an important role in the adsorption o of
chlorophenols at pH values above the pKa valugeeotompounds, while little influence on adsorptiate was
observed if pH was decreased below the pKa values.

Keywords: adsorption kinetics, activated carbon, chloropteno

Introduction

Chlorophenols are a group of chemical compounds$ dina produced by adding
chlorine to phenol. They are used in a number dfistries as wood, fibers, paints and
leather preservatives and for the manufacturingresins and pesticides. As a result,
chlorophenols are found commonly in air, soil, wastter, surface and ground waters [1],
and in drinking water because they may be generedaly-products in the disinfection of
water [2]. Because most of them are highly toxid amght produce disagreeable taste and
odor to drinking water at concentrations below 0m8d mg/dni [3, 4] chlorophenols are
classified as priority pollutants by the Europeamidd [5] and US Environmental
Protection Agency [6]. Therefore it is very impartdo reduce the input of toxic chemicals
into the environment and to study methods for thesinoval from contaminated sites.

Chlorophenols are removed from environment by kjoa@ation [7-9], advanced
oxidation processes (AOPs) [10-15] or adsorpti@peeially on activated carbon [16-20].
These processes have been applied successfullyaier wreatment to degradation of

Institute of Chemistry, Military University of Thaoology, ul. Kaliskiego 2, 00-908 Warszawa, Poland,
phone +48 22 683 95 61
" Corresponding author: kkusmierek@wat.edu.pl



96 Krzysztof Kusmierek and Andrze$wiatkowski

chlorophenols, but most of them do not lead todtmaplete mineralization of phenols, or
are either expensive or time-consuming. An intémgstolution for an effective elimination
of chlorophenols from water seems to be a comhinadf advanced oxidation processes
with adsorption on granular activated carbon (GAg8cause an oxidative removal of these
compounds by AOPs is strongly pH dependent [1Helis a need to fully understand the
effect of pH on adsorption kinetic and efficiencyelection of optimal conditions for
simultaneous oxidation and adsorption will enalde rapid and effective degradation of
chlorophenols.

The aim of this work is evaluation of the influencd pH on adsorption of
monochlorophenols on granular activated carboriéw wf the simultaneous application of
adsorption and advanced oxidation processes. hfkief the type of acid and base used
for water acidification or alkalization was alssted.

Materials and methods

Chemicals and reagents

2-Chlorophenol (2-CP), 3-chlorophenol (3-CP), 4ecbphenol (4-CP) and organic
acids (formic, acetic and trifluoroacetic acid) wdrom Sigma (St Louis, MO, USA).
Inorganic acids (HCI, k80, and HPQ,), sodium hydroxide and ammonia were obtained
from POCH (Gliwice, Poland). HPLC-grade acetoretnitas from Acros Organics (Geel,
Belgium).

Adsorbent

The granular activated carbon Norit R3-ex (The Kd#nds) has been used. Prior to
use, the carbon was pretreated by ash removalusétHF and HCI concentrated acids and
washing in distilled water several times. Finatlye activated carbon was dried in an oven
at 120°C for 6 hours and stored in a desiccatdt usg. The main properties characterizing
so prepared carbon are as follows: the BET surfmea of the carbon = 13907
Vi = 0.46 cnig, Ve = 0.081 cri¥g, Sy = 52 ni/g (all these parameters from, N
adsorption), NaOH uptake 0.212 mmol/g, HCI uptakE8® mmol/g and surface oxygen
content 4.2 at % (from XP spectra) [21].

Adsorption procedure

The effect of several important parameters likéidhconcentration of chlorophenols,
carbon dosage, type of acid and base used for \aatdification or alkalization, and pH
were studied. Generally, a fixed amount of thevat#id carbons (0.06 g) and a 75°ah
the solutions containing a initial concentration2e€P, 3-CP and 4-CE, = 1 mmol/dni
were placed in an Erlenmeyer flask and shaken &€.25he samples were withdrawn at
appropriate time intervals and analyzed.

To study the effect of type of acid and base usedatidification or alkalization,
solutions containing 1 mmol/dhof CPs were adjusted to pH 2 or 12 and, aftertaafdof
0.06 g of adsorbent, shaken for 4 hours. For acatibn three organic acids (HCOOH,
CH;COOH, CRCOOH) and three inorganic acids (HCI,30, and HPO,) were used.
For adjustment to pH of 12 sodium hydroxide and ammwere used.

The effect of pH on the chlorophenol removal wagligtd over a pH range of 2-12.
pH was adjusted by the addition of dilute aquealstions of HSO, or NaOH.



Influence of pH on adsorption kinetics of monocbfarenols from aqueous solutions ... 97

The kinetic studies were performed following a $#mprocedure at 25°C - the initial
concentration was set as 1 mmolfdfor each chlorophenols, and the mass of activated
carbon was 0.06 g. Concentrations of 2-CP, 3-CP 4@ in solutions were measured
after 15, 30, 45, 60, 90, 120 and 180 min. The athofimonochlorophenols adsorbed was
determined as the difference in concentration betwsamples withdrawn at two
consecutive time intervals during the course ofalsorption experiments. The uptake of
the adsorbate at tinteg; [mmol/g], was calculated by the following equation

q ={o=5N @

m

where:C, and C; are the concentrations of monochlorophenols int&si [mmol/dni] at

timet = 0 andt, respectivelyV is the volume of the solution [dinandm is the mass of the
adsorbent used [g].

Chromatographic analysis

The concentrations of monochlorophenols in solgtiomwere measured by
high-performance liquid chromatography with diodeap detector (Shimadzu LC-20,
Kyoto, Japan). The chromatographic measurement® warried out under isocratic
conditions on a Phenomenex Luna C18, 4.6x150 mam &olumn (Torrance, CA, USA)
operated at 40°C with acetonitrile and water adjgigb pH 2.2 with acetic acid (30:70,
v:v). The mobile phase was pumped at flow rate @ dnm/min and the peaks were
monitored at 281 nm. A typical chromatogram obtdifrem an aqueous standard solution
of 2-CP, 3-CP and 4-CP is shown in Figure 1.
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Fig. 1. Chromatogram obtained from an aqueousdatansolution of chlorophenols. Concentration of
each in final analytical solution 1 mmol/dnPeaks: 1 = 2-CP, 2 = 4-CP, 3 = 3-CP

Results and discussion

The adsorption of analytes onto an adsorbent isilynaiffected by different factors
such as the adsorbent dosage, the adsorbate caticentas well as the pH of the solution.
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Effect of adsorbent dosage

The effect of adsorbent dosage on the uptake etts chlorophenols on granular
activated carbon was studied at three differenbiddst doses (0.03, 0.06 and 0.09 g) for
the concentrations of each chlorophenols of 1 nundl/ The results are presented in
Figure 2. This figure reveals that the % removalnwnochlorophenols increases with
increase in adsorbent dosage. The % CP adsorbeddgoieous solution increased from
about 30 to 50% and to 70% when 0.03, 0.06 and §.69 activated carbon were used,
respectively. An increase in the adsorption with #tisorbent dosage can be attributed to
the greater surface area and the availability afenaalsorption sites.
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Fig. 2. Effect of carbon dosage on the adsorptfachtmrophenols

Effect of initial concentration of chlorophenols

The effect of initial concentration on the remowal the monochlorophenols by
activated carbon was studied at a mass of 0.0&gul® are shown in Figure 3. It is clear
that increasing the concentration of chlorophenotsle keeping the amount of the
adsorbent constant leads to the reduction in ttael86rbed. The % of 2-CP adsorbed from
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aqgueous solution decreased from 67.1 to 40.5% andB29%, when 0.5, 1 and
2 mmol/dni solutions were used, respectively. The % of 3-@erehsed from 68.7 to
45.2% and to 34.5%, and the removal of 4-CP deetetiem 69.4 to 45.7% and to 37.5%,
respectively.
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Fig. 3. Effect of initial concentration of 2-CP, (3 and 4-CP on the adsorption onto activated carbon

Choice of acids and bases for pH changes

Three organic acids, three inorganic acids andbages were used to study the effect
of type of acid and base used for pH modificationremoval of chlorophenols. Samples
were adjusted to pH 2.0 by addition of HCOOH, ,.CBOH, CRCOOH, HCI, HSO, and
HsPQO, or to pH 12 by NaOH and N@H. All the other parameters like carbon dosage
(0.06 g) and initial concentration of CPs (1 mmuoifl were kept constant. Results are
shown in Figures 4 and 5. Based on these resuficiear that type of acid or alkali used
for the change of pH has a little influence and md significantly affect the adsorption of
chlorophenols from water. However, slightly the tbedsorption of chlorophenols was
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observed when sulfuric acid (from mineral acids)aoetic acid (from organic acids) and

sodium hydroxide were used.
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Fig. 4. Effect of type of acid used for pH modifice

solution
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Fig. 5. Effect of type of base used for pH modifica on removal of chlorophenols from aqueous
solution

Effect of pH

The effect of the solution pH on the adsorptionildeyium of selected chlorophenols is
shown in Figure 6. The contact time was fixed a@ 18in for the rest of the batch
experiments to make sure that equilibrium was redgdh all cases. The adsorption of 2-CP,
3-CP and 4-CP is more or less constant in acidicresutral pH (from 2 to 7), whereas the
removal of chlorophenols decrease significantly mtiee pH of the solution is more than 8
(nearing or more then their pKa values). The pKlaesfor chlorophenols reported in the
literature [1] were 8.3-8.6 for 2-CP, 8.8-9.1 fe€® and 9.1-9.4 for 4-CP.

For organic acids and organic bases, the occurefte protonated and deprotonated
species depends on the solution pH in relatiorhéo dissociation constant (pKa) of the
compound. When pH < pKa, the nondissociated specidshe dissociated species (bases
form cations by protonation at pH) are dominated deganic acids and organic bases,
respectively; whereas when pH > pKa, the dissodiagecies (anion) is dominant for
organic acids and the nondissociated species isndoirfor organic bases. Chlorophenols
are weak organic acids, therefore, when solutiorigldss than their pKa values, they are
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present in aqueous solution as protonated formrdepated species are formed if pH is
higher than their pKa values.

At pH 2 the adsorption was 47, 51 and 52% for 2-8&&P and 4-CP, respectively.
When the pH of the solution was increased aboveleevalue, most of the chlorophenol
molecules were present as negative ions. This léadbe significant decrease in the
adsorption - from about 50% at pH 2 to 3, 5 and Hd3%%H 12 for 2-CP, 3-CP and 4-CP,
respectively. This decrease was mostly due toepalsion between the carbon surface and
the anionic chlorophenolide ions as well as the metition between the adsorbates and the
hydroxyl ions present on the solution at such hpgh for the adsorption on the carbon
active sites. These observations are in agreeméntive results presented in the literature
[16, 19, 22-25]. Effect of pH on the adsorptiorttid chlorophenols is similar in the case of
the Norit R3-ex carbon used in this experimentwa$i as in the case of other activated

carbons [16, 19], natural zeolite [22], polymer8][2nd carbon nanotubes [24] or fibers
[25].
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Fig. 6. Effect of pH on the percentage removaletdésted monochlorophenols from aqueous solution

Although influence of pH on adsorption of chloropbks is well described,
information on the adsorption kinetics are inadégua@herefore, the effect of pH on the
adsorption kinetic of chlorophenols onto activatadbon was also studied. In order to
investigate the kinetics of adsorption of monocbfitrenols on granular activated carbon,
the rate constants were determined in terms ofpieudo-first order and pseudo-second

order models. If the sorption follows pseudo-fiostier mechanism, the equation has the
form [26]:

k
log(de — ;) = l0g g ———=—t 2
9(de - ) =logae - 2)
where:ge andg, are the amounts of adsorption at equilibrium [gi@and at time [min],
respectively, and; the rate constant of adsorption [1/min]. Valueskpfvere calculated
from the plots of log{. — q;) versug for different concentrations of selected adsorbates
The pseudo-second order kinetic model is expreassé¢d7]:
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to oLty ®)

O sze2 Qe
wherege andg, are the amounts of adsorption at equilibrium anihae t, respectively, and
k. is the rate constant of second-order adsorptigmrfepl-min]. Values ofk, were
calculated from the intercept and slope of thesptdt/q, versud.

The constants of the two models are listed in Tdbl&he pseudo-first-order model
gives poor fitting with lowR? values. The pseudo-second-order model fits therixental
data quite well for all chlorophenols, the corrielat coefficients are greater than 0.98.
These indicate that the adsorption system belangset second-order kinetic model. Tige
values are more or less constant over the rang#idfom 2 to 8 while, at a pH above 9
(above the pKal, values decreases.

Table 1
The pseudo first and second-order rate constasgl@tted monochlorophenols
on granular activated carbon Norit R3-ex at 25f@ial concentration 1 mmol /din
pH
2 | 4] 6 | 71 8] 9] 10] 12
Pseudo-first order
ke ] [ ]
2.CP [1/min] 0.023 0.026 0.032 0.035 0.025 0.021 0.018 0.006
R 0.978 0.981 0.961 0.991 0.95) 0.963 0.9p6 0.950
ki N A
3.cP [1/min] 0.024 0.025 0.032 0.034 0.032 0.031 0.0L7 0.9o7
R 0.978 0.974 0.972 0.991 0.962 0.953 0.980 0.975
ki A 4
4-CP [1/min] 0.024 0.026 0.032 0.034 0.036 0.029 0.01L7 0.009
R 0.979 0.961 0.978 0.991 0.958 0.964 0.9p5 0.978
Pseudo-second order
ko . 0.108 0.111 0.105 0.0971 0.118 0.063 0.043 0.038
2-CP [g/mmol- min]
R 0.986 0.989 0.996 0.999 0.99p 0.987 0.998 0.9p3
ko . 0.112 0.113 0.099 0.105 0.098 0.091 0.064  0.046
3-CP [g/mmol- min]
R 0.984 0.992 0.996 0.999 0.994 0.992 0.99 0.985
ka2 q g 5
4-CP [g/mmol- min] 0.107 0.119 0.109 0.105 0.104 0.095 0.068 0.042
R 0.991 0.993 0.996 0.997% 0.998 0.993 0.9p7  0.987

Conclusions

The granular activated carbon Norit R3-ex is apaife adsorbent for the removal of
2-chlorophenol, 3-chlorophenol and 4-chlorophenoinf aqueous solution. Adsorption
kinetic follows second-order model. Type of acidatkali used for the change of pH did
not significantly affect the adsorption of monoaphenols from water. The results show
that pH played an important role in the adsorptioretics of chlorophenols at pH values
above the pKa values of the compounds, while litituence on adsorption rate was
observed if pH was decreased below the pKa val&swultaneous application of
adsorption and oxidation methods for the removathibrophenols from water can be
effective only in the case of methods based on dgehn peroxide. Oxidation of
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chlorophenols by bD,-based methods occurs in an acidic medium (pH~B), i which
the adsorption of chlorophenols onto activated @arkakes place also effectively and
quickly. Removal of chlorophenols by ozonation issteffective under alkaline pH [11],
but at a pH above 9 the adsorption efficiency andtic decrease significantly.
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WPLYW pH NA KINETYK E ADSORPCJI MONOCHLOROFENOLI
Z ROZTWOROW WODNYCH NA GRANULOWANYM W EGLU AKTYWNYM

Instytut Chemii, Wojskowa Akademia Techniczna, V¥avsa

Abstrakt: Zbadano absorpgj2-, 3- i 4-chlorofenolu z wody na granulowanymgiu aktywnym. Sprawdzono
wptyw réznych parametréw na adsorgcfakich jak sgzenie pocgtkowe adsorbatéw, iké wegla aktywnego czy
pH roztworu, jak réwniz wplyw rodzaju kwasu i zasadyzytych do zakwaszenia lub alkalizagjiodowiska.

Uzyskane rezultaty pokazujze adsorpcja chlorofenoli zachodzi o wiele lepidjwasnym srodowisku, natomiast
rodzaj zastosowanego kwasu lub zasady do zmianyipHwvplywa znaczxo na efektywn& adsorpcji. pH

odgrywa natomiast istagrrole w przypadku kinetyki adsorpcji chlorofenoli n@glu aktywnym zwtaszcza w pH
powyzej wartgci ich pKa, natomiast vwérodowisku o pH poriej wartgci pKa chlorofenoli wplyw ten jest
znikomy.

Stowa kluczowe:kinetyka adsorpcji, wgiel aktywny, chlorofenole



