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Immersion enthalpy variation of surface-modified mineral
activated carbon in lead (Il) aqueous solution adsorption: the
relation between immersion enthalpy and adsorption capacity
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Abstract: An activated carbon was obtained by chemical activation with phosphoric acid, CM, from

a mineral carbon. Afterwards, the carbon was modified with 2 and 5¥@NMox2 and CMox5 nitric

acid solutions to increase the surface acid group contents. Immersion enthalpy at pH 4 values and Pb
adsorption isotherms were determined by immersing activated carbons in aqueous solution. The
surface area values of the adsorbents and total pore volume were approximatehg3add0.36

Cegl, respectively. As regards chemical characteristics, activated carbons had higher acid sites
content, 0.92-2.42 meqtgthan basic sites, 0.63-0.12 meq gH values were between 7.4 and 4.5 at

the point of zero charge, pk The adsorbed quantity of Pland the immersion enthalpy in solution

of different pH values for CM activated carbon showed that the values are the highest for pH 4, 15.7
mgg! and 27.6 Jgrespectively. Ph adsorption isotherms and immersion enthalpy were determined
for modified activated carbons and the highest values were obtained for the activated carbon that
showed the highest content of total acid sites on the surface.
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Introduction its functional groups occurs on its surface [2]. The
adsorption of heavy metals in carbonaceous mate-
In a system where the adsorbate, that is gals thus mainly occurs in the acid sites, such as
dissociated or protonated electrolyte, is unddactonic and carboxylic groups [3,4].
conditions in which the adsorption takes place; Among the heavy metal ions, Plis con-
electrostatic interactions are produced, stronglsidered highly toxic and is kept in agueous solu-
influencing the metallic ions adsorption on actition because of its ability to form complexes with
vated carbons. Such interactions may be attrathhe organic matter; therefore, the way in which
tive or repulsive, depending on the adsorberthis compound may be extracted from water
charge densities, ionic strength of the solutiomsing adsorbents and the factors that hinder such
and kind of adsorbate [1]. union are studied [5,6]. It is useful to study the
The surface charge on the activated carborenergetic interactions occurring between the acti-
is associated with the existence of heteroatoms amdted carbon and the surrounding agueous solu-
mainly, with the oxygen complexes contenttion by means of immersion enthalpy, because the
Therefore, when an activated carbon is submergedetal adsorption from the solution shows the sig-
in water, a charge produced by the dissociation afificant influence of the solvent that also occu-
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pies the available adsorption sites on solid suduces in the precursor and avoids its contraction

face. Consequently, the solution componentduring the heating, leaving spaces when it is

reach an equilibrium where they interact in conremoved in a later stage with washes. This way,

junction with the solid [7]. generation of higher pore content takes place.

In this work, an activated carbon was pre-

pared from mineral carbon, CM, and chemicall\Modification of the chemical surface with HNO

activated with phosphoric acid, and?Phdsorp- solutions

tion isotherms, taken from aqueous solutions at Quantities of approximately 5.000 g of

different pH values were determined. Immersiomctivated carbon were taken and placed in contact

enthalpies were also determined from activatedith 50.0 mL of 2 and 5 molt nitric acid solu-

carbon in order to establish relations with theéions at 323 K. The samples were constantly

adsorption parameters. Afterwards, two samplestirred for a 1-h period [10], washed with distilled

of activated carbon were obtained and theiwater to achieve a near neutral pH and dried in a

chemical surfaces were modified by oxidatiorstove at 343 K.

with HNO; 2 and 5 molt!, CMox2 and CMox5

solutions. Adsorption isotherms at a fixed pH andextural analysis of the activated carbons

immersion enthalpies were then determined fawbtained

these solutions. Textural characteristics were established
through the determination of the, Mdsorption
isotherms at 77 K in a conventional volumetric

Experimental details machine, Autosorb 3B, Quantachrome.
Previous treatment of the initial material Determining active sites
The original mineral carbon was milled Basic and acid sites of activated carbons

and sieved at an average patrticle size of 0.55¢ere determined by the Boehm’s method [11].
mm in order to obtain granular activated carbon#cid sites were neutralized with a NaOH 0.1
The material was then washed with distilledmolL-l solution and basic sites with a HCI 0.1
water, dried for 24 hours in an oven at 363 K antholL-1 solution. Carboxylic and lactonic sites
stored in dry plastic packages. were titrated with a N&0O; 0.1 molL:1 solution,
carboxylic sites with a N&£0O;. 0.1 molL:? solu-
Obtaining activated carbon through chemicaltion and phenolic sites were estimated by calculat-
activation ing the difference [12]. For the determinations, 50
For chemical activation, bituminous miner-mL of the solution was placed into contact with
al carbon from the northern region of Colombigl.000 g of activated carbon in a glass flask for 5
was taken and impregnated with gPd)y, at 50% days at a constant temperature of 298 K. 10 mL
vlv solution for 1 hour. The impregnated samplew/as titrated using a 0.1 motLof the correspon-
were then air dried at a temperature of 383 K for ding solution. Measurements for titting were per-
hours. The activation process was carried out duiermed using a CG 840B Schott pH meter.
ing 2 hours at 723 K and heating ramp of 10 Kmin
1. A N, 200 mLmin! flow was maintained. Determining the point of zero charge, PZC. Mass
Samples were then washed using distilled watditting method
until a conductivity of 5 uS crhwas obtained for Activated carbons ranging 10 to 600 mg
the water used. were taken. Each was placed in a 50.0 mL glass
When activated carbons are chemicallyflask and 10.0 mL of sodium chloride, NaCl, (0.1
prepared, one of the compounds usually used awlIL1) was added,. Flasks were sealed and stirred
activator is the phosphoric acid, since its dehyand room temperature was maintained at 298 K for
drating properties that enable it to react with thd8 hours to achieve equilibrium in carbon charges.
carbonaceous material and modify the carboniza&fter 48 hours, pH of each solution was measured
tion process. Additionally, phosphoric acid intro-with a CG 840B Schott pH meter [13].
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Pk?+ adsorption equilibrium data This was a good choice for an initial material in
P2+ solutions were prepared from order to obtain an activated carbon because after
Pb(NO), within a concentration range of 20 to the thermal treatment of the final activated car-
100 mgL!and the pH value was adjusted to 2, 4bons, the fixed carbon contents will increase
6 and 8, depending on the case, with solutions ([15]. The volatile matter was approximately 29%
HCI 0.01 mol:1 and NaOH 0.01 molt. Aquan- and the ash content, 5.5%. These values agree
tity of 0.100 to 0.250 g of activated carbonprevious studies in which a mineral carbon was
obtained from the mineral carbon, CM, wasused as a precursor. Such contents have a subse-
placed in a glass flask containing 250 mL of thequent influence on the development of the poro-
corresponding P solution. The solution was sity for the obtained activated carbon. [16].
stirred and kept at 298 K to achieve equilibriun Table 1 shows the results obtained when
in carbon charges. the textural analysis was performed for the pre-
Pk?* concentration in aqueous solution pared activated carbons. The surface area was
was determined by atomic absorption using idetermined by the BET methodgs in m2g;
Perkin-Elmer AAnalyst 300 and evaluation wastotal pore volume, ¥, in cngland the micro-
performed using calibration curves [7]. pore volume, Vup, in cAgl.
Calibration curves were prepared for all of the
pH values tested in this work.
Once the maximum adsorption pH was

.. . Table 1. Textural analysis of the obtained activated carbons
chosen for the initial activated carbon, CM, Y

isotherms were determined at 298 K and this pfj <™ | Seer | Ve 77K | Vip N 77K
value for the modified activated carbon sample| ™" | (g | (em'g") (em’g’)
CMox2 and CMox5. CM 586 0.37 0,28
CMox2 567 0.36 0.27
Determining immersion heats CMoxs 552 036 0.25

In order to determine the immersion

enthalpy a heat conduction microcalorimeter
with a stainless calorimetric cell was used [14].
The cell was filled with 30 mL of the chosen From results shown in Table 1 it may be
solution, PB* 100 mgL?, (kept in a thermostat) seen that the chemical activation process is effi-
at 298 K at a fixed pH. A sample of activated car-cient because it activates for a 2-h period at a
bon weighing approximately 0.250 g was placetmoderate temperature of 723 K. The burning rate
in a calorimetric cell inside a glass ampoule anwas about 40% higher than the obtained under
the microcalorimeter was assembled. When thsuch conditions in physical activation; likewise,
equipment reached a temperature of 298 K, thboth the surface area, 58&gn, and the pore
potential output record began. This lasted for wolume present higher values than the ones
period of approximately 15 minutes with poten-reported in scientific literature for the activation
tial reading taken every 20 seconds. The glasof carbonaceous materials through the physical
ampoule was then broken; the thermal effect geractivation method [17]. In addition, for activated
erated was recorded and the readings correspccarbons that use mineral carbons as precursors,
ding to the potential continued for approximatelyhigher performance is obtained since they pres-
15 more minutes until, finally, it was electrically ent greater carbon contents. However, in some
calibrated. cases, there are higher ash contents than in veg-
etable materials that may affect the activation
process [16].

For the activated carbon samples treated
with HNO;, slightly lower values were reported

For the mineral carbon used as a precuiboth for the surface area and micropore volume.
sor, a fixed carbon content of 58% was foundThese results agree with other studies reported in

Results and Discussion
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the literature [10] and may be associated with th The adsorption isotherms of activated car-
elimination of the porosity in the original activat- bon CM at different pH values of the solution are
ed carbon. graphed in Figure 1; the figure displays théb
Table 2 shows the results of the contents cquantity adsorbed per gram of activated carbon
the surface functional groups on the activated cain function of equilibrium concentration.
bons with the number of total acid sites, in meqg
1. To chart results, the number of phenolic groups,
carboxylic groups and lactonic groups were deter
mined. The content of total basic sites and the pl =
at the point of zero charge are also shown. As -
can be seen, the acid site content is higher thant £
basic site content for the three samples, with va
ues ranging between 0.92 and 2.42 nled@uch
results show the modification in the contents of th
surface acid group when the original activated cal
bon, CM, is treated with nitric oxide. Likewise, it _ o ] ]
was observed that the carboxylic acid-type groupFlg_ure 1. Pk?+ adsorptlc_)n isotherms in chemically
are predominant; this characteristic boosts thactivated carbon at different pH values. Tempe-
adsorption of charged solutes from the aqueou@ture 298 K.
solution. As regards the values for theppK for
the original activated carbon, CM, a value of 7.4 is
reported and for the other two samples, this valu It can be seen that the Plion adsorption
decreases with the increase of the surface acin the CM activated carbon is high for pH 4,
sites content. Therefore, the activated carbointermediate for pH 6 and 8, and low at pH 2.
charge will be positive for a solution pH lower These liquid phase isotherms are of the Langmuir
than the pla ¢ 1 [1]. type, which are common when the adsorption of
After determining the characteristics of a solute in diluted solutions is studied [18].
the activated carbons, the adsorption isotherrr Figure 2 shows the typical thermograms
were performed at different pH values, 2 to 8, foiobtained when the activated carbons CM and
the unaltered activated carbon, CM. This wa:CMox5 are immersed in a Pbion 100 mgL?
done to determine the maximum adsorption ptsolution. In this figure, heat is proportional to the
value and to subsequently obtain isotherms fcarea under the slope and a higher effect can be
the unmodified activated carbons CMox2 ancobserved when the treated sample is immersed in
CMox5 for the pH value. a 5 M HNGQ; solution.

+pH2
mpH4
ApHE
xpH8

o N B o oo
=

20 40 60 80 100
Ce (mgl")

Table 2. Chemical analysis of activated carbons. Determination of basic sites, acid sites
and point of zero charge, pHrzc.

18

Activated | TOTAL Phenolic Carboxylic Lactonic TOTAL
Carbon Acid Groups Groups Groups Basic
Sites® Sites” pHpzc
meqg’ | meqg’ meq g Meq g’ meq g’
CM 0.92 0.21 0.41 0.30 0.63 7.4
Cmox2 1.60 0.55 0.72 0.33 0.38 5.2
Cmox5 242 0.69 1.15 0.58 0.12 4.5

* Average of three determinations, standard deviation between 8.4 x 10~ and 0.11meq g
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as surface area and pore volume. In the present
study, it may be seen that both properties are simi-
lar and there is a considerable variation in the acid

0.00017

0.00012

w 000007 groups content influencing the quantity adsorbed
0.00002 on the monolayer, Xm. Thereby, the highest value
-0.00003 . oo o o for CMox5, 24.6 mgg, has the highest content of

time (s) total acid groups.
e CM —— CMIOX5 From the shown results, it can be seen that
at pH 4, the highest Pbadsorption is observed
and this value is taken as a basis to determine the
isotherms at 298 K for the chemically modified
carbons, in which the total increase of acid sites
Table 3 displays the results obtained folincreased. Therefore, the interaction between the
the ion metallic adsorption on the initial activat-solid and the solution will be influenced. Figure
ed carbon, CM, at different pH values for the de3 shows the isotherms obtained for the three car-
Pk2+ quantity adsorbed in the monolayer, Xm, inbons activated in this study. The2Phdsorption
mgg?, the adsorption constant, k in Lrh@nd increased for the activated carbon CMox5, which
the activated carbon immersion enthalpy in thas the highest content of the total acid sites.
solution of 100 mgt?!, AHim in Jgt. Table 4 summarizes the results for the
The maximum values are observed for theadsorption and Rb immersion enthalpy on the
adsorption and immersion enthalpy at pH 4, whiclactivated carbons CM, CMox2 and CMox5 at pH 4.
indicates that under such experimental condition:Again, the Langmuir model is applied to experi-
the interaction between the activated carbon CM
and the aqueous solution varies when pH values

Figure 2. Immersion thermograms of CM and
Cmox5 in the 100 mgL Pk?* solution.

30

change. The lowest interaction was observed at p

2, a behavior similar to that of carbonaceous matt 2

rials reported in scientific literature [18]. > von
According to the P4 speciation diagram, these are g s . G2
the dominant species at a pH above 4: PbtOH) * ,, -
Pb(OH), Pb(OH)? and Pb(OHjy. In acid media,

the surface of solid is protonated and adsorptio

occurs in hydroxylated forms of lead. With the pH ° 2 a0 & 80 100

increase, the protonation of the carbon surface ©a (mal")

gradually reduced and a decrease in the adsorpti Figure 3. Pt?+ adsorption isotherms from activated
is observed. The gbadsorption depends on the carbons with different content of total acid sites on
surface characteristics of the activated carbon, suitheir surface. Temperature. 298 K.

Table 3. Langmuir model constants for Pb2+ adsorption in unmodified activated
carbon CM and immersion enthalpy

pH Xm K -AHim"
(mgg™") (Lmg") (g
2 4,61 2.66 104 +0.52
4 15.7 0.69 27.6+1.15
6 10.5 0.54 18.2 = 0.82
8 9.53 0.83 17.5+0.78

* Average of three determinations
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Table 4. Results of the interaction between activated carbon and Pb2:+ solution in
samples with different contents of total acid sites

Xm k -AHim"
Activated carbon (mgg") (ng") (Jg’1)
CM 15.7 0.69 27.6+1.15
CMox2 18.9 0.78 31.4+1.29
CMox5 24.6 0.44 36.1+1.73

 Average of three determinations

mental data. The table displays the quantitcients of 0.98 and 0.99 respectively. This indi-
adsorbed in the monolayer, Xm, in migghe cates that the increase in the surface acid site con-
adsorption constant, k, in Lmgand the activated tent boosts the interaction with the metallic ion.
carbon immersion enthalpy in a solution of 10C The k constant obtained in the Langmuir
mgL1, AHim, in Jgt. model is related to the interaction produced in the
It is observed that the interaction betweeradsorption process [15], as the k constant repre-
the solid and the solution rises with the increassents the immersion enthalpy of the solid in the
of the acid site content, which is expressed by thsolution. The relation between these values is
adsorption of a higher quantity, 24.6 mig@nd shown in Figure 5, in which a non-linear tenden-
an increased immersion enthalpy of 36.2ftg  cy is observed for the three experimental points.
the activated carbon CMox5. Even if higher val-This validates the existing relation between both
ues are observed for the lactonic, carboxylic ancharacteristics established in 2Pbadsorption
phenolic groups, as well as for the modified actifrom the aqueous solution on activated carbons.
vated carbons, carboxylic groups present th In the aqueous solution, the solid-liquid
highest increase rate and they are supposed interaction is influenced by the charge, both from
boost the interaction. the solid and the solutes that are dissociated. In
Figure 4 shows the interactions betweerthis case, the solid surface charge is represented
the total acid site content and the2PQuantity in the pH of the point of zero charge, gid
adsorbed in the monolayer and immersiorThus, there is a relationship among such value,
enthalpy for the activated carbons. In both casethe PB+adsorbed quantity on the monolayer and
the tendencies are linear, with correlation coeffithe immersion enthalpy, as shown on Figure 6.

30 40
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y =228.15x% - 291x + 119.85
R=1
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08 13 18 23 25
Total acidic groups (meqg™) 0.4 0.45 0.5 0.55 0.6 0.85 0.7 0.75 0.8

k (Lmg)

Figure 4. Relation between the total acid site con-
tent, the P®* quantity adsorbed on the monolayer Figure 5. Relation between the k constant of the
and the immersion enthalpy. Langmuir model and immersion enthalpy.
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40 E) guantity on the monolayer and for the immersion

enthalpy with respect to the original activated
L F ® carbon. These are directly proportional to the
f 0 » & humber of total acid sites.
E £
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