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Adsorption of Phenol and Benzoic Ac irl from Dilute 
AqueOIJS Solution onto a Macro ret icular Resin 

DA ID . FARRIER .' ANTHO Y L. HINE .- \ D HI!:. 'W WAG 
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Radlolabcled ,olute, "ere u .. cd to obtain cqull,brIum ,Id .. orpti!" ' .. I tor the upt,II..C 01 
benzoIc aellj and phenol b~ a macroretlculolr re In t \ mt>erltte. ,) Xl Jrllm dilute ilqueou .. 
.. olutlon, . PhC,lOl wa, ,tud ied at O. 25. am! 7() c.. and henzolc " 'Id "'" .. tudled at ~'C 1 he 
phenol data . "hleh co \ ered a "'il'e concentratIOn range. "a .. modeled llh Ie· than :r; 
err.'r u"ng a three parameter ad,orpllon equallon 

lNTRODUCTIlJ 

The u e of solid adsorben ts a a medium 
for removing trace quanti tie of organic 
from wa te water ha received increased 
intere t beca use of more demanding e n
vironmental restrictions that limit organi 
concenlration in e ffluenl ~treams . One 
a rea of p' rti ula r interes t i the remova l of 
organics from waters produced when proc
e sing fo ss il fuel s. All hough it is recognized 
that variou adsorbent can be u ed to re
move a number of organic material s, few 
sy tematic .ad l 'rp tion tud;e over wide 
concentration range have been under
taken ; the po ible exception is acti ated 
carbon . The absence of accurate adso rp
tion data is particularly evident for very 
dilute aqueou solution and may be at
tributed primarily to a lack of analytical 
sensitivity . Analytical en itivity can , how
ever, be improved by the use of radio
active tracer techniques with an expected 
103 _ 106 increase in sensitivity over con
ventional spectro copic or chromatographic 
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quantit"tion method~ ( I ). The use of radio
labeled material and uttendant radio
analytical techniques not only ~ uppor1~ and 
augment~ c1a!>sical quantification method!> 
but, moreover, cont ributes a new dimen
siun of experi.nental possibilities not other
wise attainable with class ical methods . An 
example of thi s is the increa ed acc uracy 
of quantifying concentration chang ~ af
forded by judiciow> employment of radio
trace r methods. Rad io tracer met hods are 
utilized in thi s work to stud y the ads rp
tion of benzoic acid and phenol on a macro
reticula - re sin (Rohm and Haas XAD-8\ 
from water. 

EXPER lM E 'TAL 

The radioanalytical apprcach used in 
the e adsorption experiments tilvolved the 
addi tion of a small ma s of high specific 
activity radioactive solute to each of the 
tock olution of solute made up at vary

ing concentrations . This imp rted a uniform 
and high solute pecific activity to each 
of the tock solulion with negligible change 
to the final olute concentration. This 
method provide an eq:Jall y ensitive and 
accurate radioanalysis for detenT' ;ning solute 
concentrations at both high and low levels . 
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The net re ... ult I ... tha: the overall . tatlqlcal 
'<manee and ~ccuraq of tle result ... oh
tained are the .,ame over the entire con
centratIOn l:lOge. 

Stoe\.., .. olution ....... Ith )...no"" (1 concentra
tlon., of either tJhenot or benZOIC aCid 
were prejj<ll ed containif'g a negligible rna.,., 
of high ,>pecific acti'vit) radioactive ,>olute. 
Both ,>olute ... were found to have a radIO
chemical purity grlater than 99rt·. A mea'>
ured volulne of the ... tlK)... ,>olutiol1 .... a ... 
then added to a fi ed ""eight of XAD 
res in which had been cleaned by exhaustl\e 
extrac tion according to the procedure of 
J unk ('I III. (2). The slurry wa" then placed 
10 a comtant temperature ..,ha)...er h,lth for 
144 hr to <lltain equilibrium. A )"'metic 
tud y revealed that true equilibrium \\ a., 

reached afte r 44 hr for benzoic acid and 
after 104 hr for phenol. After equilibration. 
the resi n was al lowt"d to ~ettle and a upema
ta nt ' a mple was collected and fil tered. 

Eac h aq ueOl:S sam ple \Va'> radioa~sayed 
in triplicate according to the following pro
cedure. Aliquot (1 ml) of the aqueous 
sa mple wert" transfe rred to glass c intill a
t ion vials a nd ad mi ed wi th 12 011 of Dimi
lume-30 (Pac ka rd Instrume nt Compa ny). 
Dimilume-30 is a complete sc intill ation cock
ta il for the counting of aqueou samples a nd 
afford s a ho mogeneou , s ingle- phase mix
ture with the mi xing propo r.ion used . 

a mple were placed in the liquid sc int illa
t ion counter (Beckman model LS-9000 
Liquid Scintilla tion Spectrometer) a nd 
da rk adapted for at leas t 30 min prior 
to counting . Counting wa performed in a 
wide open 14C window a nd continued until 
a 2-sigma count rate error of 1 % or less 
w.\s achieved . Ra ndom coincidence moni
tonng wa used to insure that the con
tribution of counting events not due to 
radioactivity di sintegrations, e .g. , chemi
luminescence , wa less than 0.1 % . The 
counting efficiency wa determined for 
each sample and was used to compute the 
absolute activity a dis integration per 
minute (DPM) . Efficiency corrections were 
made by in trumental measurement of the 
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ompton edge inflection point, a Ree\..,man 
modllicatlon of the external ~tandardlz 1-

!Iort method, and mter!'lolatlOn of the count-
109 efficienc~ Wd~ obtained from a ml
croproce",,",ol- tored efficienc~ calibration 
cun e, pi e\ IPU'>I} ob tallled from aene'> of 
""atel queh .:: hed I C ,>tamhrd., prerared in 
Dimllume, Final DPM hllue,> ""ere cor
rected h~ uhtmctlon of background COdn! 
rate 

Ead cintill •. tlOn "ample \Va'> counted 
tV\ Ice al' cordmg to the .Ibove l)I'ocedure and 
the a\t:r<lge [)P~l re~ult compllted, mce 
each .Iquenu,> .,ample \\a'> ... pln for triphl.ate 
radioa.,.,a}. a total ot si'\ counh l'ontributed 
to the merall average DPM 011 computed 
for each '..:Imple . The coefficient of varia
tion for the tnplicate a~say computed from 
50 re ... ulh .... a,> 0, T' -+ 0, T;, 

RIoSLl TS "r-..D DlSClJSSION 

Benzoic acid .... a~ adsorbed onto the 
XAD-8 resin at 25°C and the re ulting iso
therm i shown in Fig. 1. A noted bi' the 
fig ure. the fi na l concen tra tions ranged o ver 
three orders of magnitude a nd included 
valllPs from 0.4948 to 0.0003 mg/ml. The 
uptakes of the re sin correspo nd ing to the 
abo ve final concent ratio ns a re 28.904 and 
0 .032 mg/g resi n . The isotherm does not 
a ppear to tend to an upper limit in the 
uptake . The igmoid <) 1 sha pe of the isotherm 
wit h the rel a ti vel y weii-defined knee sug
ge ts that multilayer adsorption is occur
ring . However , if a surface area of 45 A2 is 
a sumed for the benzoic acid molecule , the 
highe t urface coverage is only 43% . On 
t hi s basis, the knee o f the isotherm could 
be attributed to the initiation of a multilayer 
prior to complete surface coverage of the 
re in . Alternatively , if the knee of the 
i otherm doe represent the formation of a 
complete monolayer, then the surface area 
occupied by a single molecule would be 
much greater than the above value. The 
arrangement of the benzoic acid molecule 
with the plane of the benzene ring and 
the carboxyl group parallel to the surface 
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FIG I. Equilibrium ~ptake of benzoic acid l. n Amberllte XAO-8 at 25 C. 

of the adsorbent would require a larger 
surface area per mo!eculc. 

Phenol ad orption isotherms were ob
tained at 0, 25, and "IOOe and are presented 
in Fig. 2. The i otherm were curve fitted 
with the three parameter adsorption i 0-

therm model u ed by Radke and Prausnitz 
(3) with less than 5% erwr over the entire 
concentration range. Their equation i ex
pre ' sed as follows 

[ I) 
q a r 

where 

q upake (mg/g re in) , 
Cr = final solute concentration (mg/ml), 

a, b , f3 = parameters of tht' equation to be 
determined numerically, 

and where f3 is con trained to be less 
th;Ln unity . The parameters in the model of 

FINAL CONCENTRATION, C,lm9/ml) 

FIG . 2. Equilibrium uptake of phenol on Amberlite XAD-8 at 0, 25, and 70·C . 
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fASt r I phenol '\lhorpt1on data obtai!1ed at 25 ( h} 

Cun e Fi l Parameler, for Phcn 11 i\d,,'rpll,lIl Lolhclnh Paleo, (4) I. ,n e\.:ellent agreement \\ ith 
thl'> \llId\, 
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Radke a nd Prau'>n ll7 \\cre found by an 
algorithm \.\hlc h minl mlled fun'lIon'> by 
conjugate di rect io n .. . The parameter" u\ed 
in fitting tf)e phe no l ab.,urption dat<l are 
g lvel in T.\bl e . 

A s noted the equil ibrium concentratIOn" 
ranged over four orde r~ of magni tude. 13a ... ed 
o n a surface area pe r phe no l molecu le of 
28 )..2 (5) , Ihe ma ximum upt" ke of phenol 
a t 25°C correll ponds to a ~ Lllface coverage of 
the resi n of 144'1 . A ", no ted in Fig. 2. the 
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!'~ pical i\o\ten:,> are ~hO\\n in Fig. 3. Heah 
01 ' ld"llrptlon calculated ,nel a loading range 
\ar) ing fr", (I. I:!' ( to 120r( \urhll.:e cover
age \\ere found to be re1atl\e1)- con.,t.Jnt 
at th::: "due 11.9 Kcal mole 1111 ... compare'> 
dl)\el) \\ith the reat of Cllnden".ltlon. 113 

Kcal mole . 
rile i"othermal differenllal heal o f ad\orp

tion .I t the ... tanddrd ... tatc (25 C) .:an be 
dCI"I\ ed from the Gibb" free energ}- of ad
... orptlOn and i" given a .. 
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FIG . 3. HealS of adsorplion of phenol on Amberlile XAD-S . 
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ClHU = ~GIl - 7(i.J~Go/aT)r' [3J 

The standan" tate ()f the solute in both the 
bulk phase and at the interface was taken 
to be an ide:' ~olution with a con entra
tion of one mole per liter The ta •. dard 
state change in free energy was calculated 
from the foll owing equatIOn: 

ClGo = - R1 In (C JCr). [4J 

where C, is the concen!ration on the 'iurface 
and C r is the final fluid concentration. An 
interfacial thickness of 5 A wa used to 
calculate l •. The value of C le r wa deter
mined from the slope of the initial part 
of the adsorption i otherms. The results 
at 25°C were ClGo = - 0.53 Kcalfmole and 
ClHo = - 2.88 Kcalfmole . These small 
nu mbe rs indicate ve ry weak interaction at 
the surface . 

From a compo rison of this wNk with 
that of Singh (5), it was found that on the 
basis of surface a re , XAD-8 had a much 
greater adsorption capacity than either 
Spheron-6 or Graphon (Cabot Corporation 
of Boston , Mas .). At the maximum phenol 
concentration studied in this work, the 
equilibrium uptake of XAD-8 was 8.9 
x 10-6 moles/m~, whereas for Spheron-6 
and Graphon the equilibrium ad orption 

• 

capacIties 'Were 2.1 " 10 fi and 3.2 10 ti 

moles/m2
, respectively At 35' Puri e( al. 

(6) fO;Jnd the adsorptIOn capacities of 
pheron-6 and Graphon to be 0.1 x 10 6 

and 0.32 x 10 6 moles/m2
• re~pectively. 

for an eq1lilibrium concentratIon of 3.4 
x 10 :1 moles/liter. Thi 'ompares to a value 
of about 2.0 x 10 " moles/m2 for XAD-8. 
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