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Abstract

Rubber from tyre wastes has been used to prepare carbonaceous adsorbents and the products obtained have been tested as adsorbents
mercury in aqueous solution. The adsorbents have been prepared by applying thermal, chemical and combined (thermal and chemical or
vice versa) treatments. Tyre rubber has been: heated at 400 8€9602 h in N,, chemically-treated with 80, HNO; or H,SO,/HNO;
solution for 24 h, and in two successive steps first heated at@édr 2 h in N, and then treated with a $0;/HNO; solution for 24 h, or vice
versa. Resultant products have been characterised in terms of elementary composition and textural properties. The adsorption of mercury has
been studied from kinetic and equilibrium standpoints. The treatments effected to tyre rubber decrease the carbon content and the hydrogen
content. The oxygen content and the nitrogen content increase for the chemically-treated products. The heat treatment of tyre rubber results
in a larger development of surface area, microporosity, and mesoporosity than the chemical treatments. These treatments, however, produce
a great creation of macropores. In comparison to the starting rubber, the adsorption process of mercury is faster when the material is heated
or treated with the ESQ;, HNO; or 1:3 H,SO,/HNO; solution. These adsorbents are either a non-porous solid or possess a high mesopore
volume or a wide pore size distribution in the macropore range. The adsorption capacity is larger for products prepared by heat, chemical and
combined treatments of the rubber. A common textural characteristic of these adsorbents is their better developed microporosity. The ability
to adsorb mercury is higher for the heated products than for the chemically-treated ones. The maximum adsorption of mercury i$211 mgg
The constank; of the Freundlich equation is as high as 108.9 mgg
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1. Introduction in cement kilngd8]. These applications of the tyre rubber do
not appear to be sufficiently profitable as tyres are frequently
More of 330 million waste tyres are discarded each year dumped in the open, becoming a serious source of environ-
[1]. Ground tyres can be used in civil engineering applica- mental pollution.
tions, for example as an additive in road pavenjghtOther Because the carbon content is high in tyres, i.e.,
applications include in playground surfa@, rubber roofs 70-75wt.% for cars and 68-72 wt.% for lorrii§, a good
[4], drainage systeniS], and floor mat$6]. A major market solution for recycling tyre waste is likely to convert them to
for scrap tyres is their utilisation as solid fu§f3, especially valuable products such as carbonaceous adsorbents. These
are very extensively used in the adsorption of organic and
* Corresponding author. inorganic solutes from aqueous solut{d®]. The properties
E-mail addressvgomez@unex.es (V. @nez-Serrano). of an adsorbent that are important to adsorption processes
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depend on the starting material and on the method used inTable 1
their preparation. Accordingly, the use of inexpensive ma- Preparation of carbonaceous adsorbents from RR

terials such as wastes with such an aim will certainly lower Treatment Temperature)/acid solution  Notations
the production cost of the adsorbent. At present, in fact, low- Heat 400 H-400
cost adsorbents are being frequently tested for heavy metaHeat 900 H-900
removal from contaminated watfir1]. Acid H2S0y C-S
The World Health Organization (WHO) reported that be- Ag:d :?:&/HN 0n (75%125%) %_NS/N 1)
tween 25,000 and 125,000 tons of mercury were released intoa g H,SQy/HNO3 (50%/50%) C—SIN (1:1)
the environment in 197@.2]. Mercury is regarded as one of  Chemical HSO4/HNO3 (25%/75%) C-SIN (1:3)
the most harmful metals found in the environm§i®,14] Heat/chemical ~ 400-/8Q4/HNOs (25%/75%)  HC-400-S/N (1:3)

Hence, its removal from wastewaters, before these being dis-Chemicallheat  BSQ/HNOs (25%/75%)-400  CH-S/N (1:3)-400
charged into the environment, is necessary. Recently, the use
of activated carbofil5-20] elemental carbon particl§s1], and also vice versa. The,B0Oy/HNO; ratios used in the

silica-dithizong22], functionalised sol-ge[23], and carbon  chemical treatments of RR and the notations of the samples
aerogel[24] to remove mercury from aqueous solution has can be seen ifiable 1

been investigated. Tyre rubber has also been used with such
an aim[13,25] and for the immobilisation of mercury(ll) in 2 3. Elemental chemical analysis
contaminated so[R6]. On the other hand, the production of

active carbons from waste tyres has been revig@éH The The elemental analysis of RR and the carbonaceous ad-
results obtained ina previous study of preparation of carbona-sorbents prepared from it was determined in the Instituto Na-
ceous materials from waste tyre rubber by applying thermal, cional del Carbon y sus Derivados (C.S.I.C., Oviedo, Spain),
Chemical and Combined methOdS and OfteXtural Characterisa'using a LECO micro_analyser' Th|s was made up of both
tion of the resultant products have been repof2&}. Here,  TF-900 and CHNS-932 determination units with suitable

the samples are tested as adsorbents of mercury from aquedetectors. Data of such an analysis are collectehbie 2
ous solution. The adsorption process is studied from both ki-

netic and equilibrium standpoints. Specifically, the influence 5 4 Textural characterisation
of properties of the adsorbent as the composition and texture

(i.e., surface area, pore volumes and pore size distribution)  The textural characterisation of the samples was accom-
on such respects of the adsorption process is investigated. plished by gas adsorption §N—196°C), mercury porosime-

try, and helium and mercury density measurements, as re-
ported beforg28]. The values of textural parameters (i.e.,
specific surface area and pore volumes) are set duathite 3

2. Experimental

2.1. Material 2.5. Adsorption of mercury

'!'he starting material used in this gtudy was size-reduced  pjercuric chloride of reagent grade, as supplied by Probus,
residual rubber (RR, hereafter) obtained from tyre wastes. \4q sed in the preparation of the adsorptive solutions. In the

The material (average particle size between 1 and 3 mm) wayjnatic experiments, approximately 0.08 g of sample was first
supplied by the Escuela Pditnica Superior de Alcoy (Ali- pjaced in a suit of test tubes provided with Bakelite screw-
cante, Spain). up caps. Then, 25ml of a stock410-3 M HgCl, aqueous
solution were added. Next, the tubes were placed in a Se-
lecta thermostatic shakerbath, containing water &25 he

. o liquid and solid phases were maintained under continuous
In the heat treatmer_lts of RR, a vertical cylindrical fur- agitation of 50 oscillations mirt a different time ranging
nace (Chesa) and a stainless steel reactor were used. AppProXsatween 5min and 360 h. By this experimental procedure,
imately, 10 g of rubber was weighed and heated at 400 or

900°C for 2h in N (flow rate =225 mimint). The heat-  ope2
ing rate was 16C min—L. In the chemical treatments of RR,  Data of the elemental analysis (wt.%) of RR and selected samples

2.2. Preparation of adsorbents

however, 25¢ of the_ mat_erial, 125ml of di_stille(_j water, and gample c H N s o
1?5 ml of acid solution (i.e., the water/acid ratio l_Jsed was 83.52 728 033 0.02 ®
1:1 by volume) were added to a glass flask. The acid so_lutlon H-400 71.63 0.94 0.25 71
was commercial iSO, or HNO3 or a mixture of these acids  H-900 74.29 0.75 0.18 0.08 )
at three HSOy/HNO;3 ratios by volume. The system was al- C-S/N (3:1) 68.24 3.84 2.93 85
lowed to react for 24 h. In the combined treatments, RR was ﬁ;;si '(\)‘ 0(1;,21 w3 iz-iz i%z 3(;-17% 0.06 Jilg
. . _ s 1 -400- : . . . . .
first heated at 400C for 2 h in N, (flow rate =225 mImin-) CH-S/N (1:3)-400 2379 181 3.20 ‘&b

and then chemically-treated with 804,/HNO3 solution,
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Table 3

Textural data for the sampfes

Sample SseT (MPg™Y) Wo (emPg ) Vime (cm*g™) Vima (cm*g™) Vr (emPg™)
RR 00 0.001 0.04 0.03 0.08
H-400 181 0.043 0.40 0.21 0.77
H-900 474 0.045 0.34 0.31 0.82
C-S 23 0.001 0.03 0.06 0.15
C-N 20 0.005 0.08 0.56 0.80
C-SIN (3:1) 57 0.012 0.13 0.52 0.84
C-SIN (1:1) 50 0.010 0.09 0.57 0.85
C-SIN (1:3) Is 0.041 0.07 0.69 1.02
HC-400-S/N (1:3) 1D 0.050 0.24 0.24 0.94
CH-SI/N (1:3)-400 D 0.010 0.07 0.61 0.92

a N, isotherms at-196°C: Sget (specific surface area, BET equatipfp® = 0.05-0.35a, = 16.2/:\2), Wp (micropore volume, Dubinin—Radushkevich equa-
tion). Mercury porosimetry¥me (mesopore volume)ma (macropore volume). Density measuremeNfs(total pore volume) = Jdhg — 1/pHe, pHe = helium
density andong = mercury density.

apparent adsorption rates were determined. The adsorptiorthe sulphur content is almost negligible in the analysed sam-
isotherms were measured using between 0.01 and 0.25 g oples (notice that sulphur was not amenable to the analysis for
sample. An aliquot of 25 ml of the 4 103 M solution was a number of them), in spite of the fact that sulphuric acid has
added to each glass tube. The adsorption system was kept urbeen used in the chemical treatments of RR. These results
der contact until equilibration was reached, which as a rule indicate that when RR is treated with 85O4/HNO3 solution
took less than 100 h. the nitration process prevails over the sulphonation one.
After contact of the HgGl solution with the adsorbent, The method of preparation of the samples markedly influ-
the supernatant liquid was filtered and analysed by UV-vis ences the elementary composition. Thus, the carbon content
spectrometry, using a Shimadzu equipment. The analyticalis noticeably lower for C—S/N (3:1) and C-S/N (1:3) than for
method was set up by first investigating the volume of com- H-400 and H-900, whereas the contents of hydrogen, nitro-
mercial HCI that ought to be added to a HgGblution to gen, and oxygen are much higher for the former products. For
assure the total conversion of Hg@b ClsHg?~, which is HC-400-S/N (1:3) and CH-S/N (1:3)-400 the carbon content
the complex anion formed by reaction between Hg&id is also higher and the contents of hydrogen, nitrogen, and
HCI in aqueous solution. This study enabled one to fix not oxygen are usually lower than for C-S/N (3:1) and C-S/N
only such a volume but also the wavelength of maximum ab- (1:3). Finally, the carbon content is even higher for HC-400-
sorption of the HgG solution, which proved to be 230nm.  S/N (1:3) than for H-400 and H-900. Because the contents of
At this wavelength value, the absorbance of a set of adsorp-hydrogen and nitrogen are also significantly higher for HC-
tive solutions was then measured as a function of concentra-400-S/N (1:3) than for H-400 it appears that, after heating
tion to know if the absorbance—concentration data obeyed theRR at 400°C, the remaining organic fraction concentrates in
Lambert-Beer’s law well29]. the final product owing to the removal of inorganic compo-
To get an insight into the pH change caused in the adsorp-nents from the intermediate one by action of th&SIHHNO3
tive solution as result of the adsorption process, the pH of the solution. It is also supported by the somewhat lower oxygen
4 x 10~3 M HgCl, solution was measured after 7 days, both content for HC-400-S/N (1:3) than for H-400. On the other
on this solution itself and on the resultant residual liquid after hand, the values of the oxygen content for C—S/N (1:3) and
contact of 25 ml of such a solution with approximately 0.12g CH-S/N (1:3)-400 suggest that oxygen complexes are mainly
of each adsorbent. affected when the previously chemically-treated product is
heated at 400C. However, the nitrogen complexes must be
thermally stable as the nitrogen content is similar for both

3. Results and discussion samples.
As expected, the rise in temperature between 400 and
3.1. Elementary analysis 900°C in the preparation of H-400 and H-900 results in an
increase in the carbon content and in a decrease in the con-
From data of the chemical analysis of the samplasle 9 tents of hydrogen and nitrogen and, in particular, of oxygen.

it follows that the heat and chemical treatments of RR cause The decrease in these chemical elements at@08grees
important changes in the chemical composition of the mate- with the somewhat lower yield value obtained for H-400 than
rial. As a result, the carbon content and the hydrogen contentfor H-900 (i.e., 35.0 and 33.0, respective[¢B]. It should
significantly decrease. Furthermore, the nitrogen content de-be also noted that the oxygen content suffers an important
creases for H-400 and H-900, and the oxygen content alsoincrease for H-400 as compared to RR and a significant de-
for H-900. However, the contents of nitrogen and oxygen crease for H-900 with regard to H-400. On the other hand, the
greatly increase in C=S/N (3:1) and C-S/N (1:3). Moreover, proportion of BSO4 and HNG; in the acid solution mainly
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affects the contents of hydrogen and oxygen in the samples. The single stage-heat and chemical treatments of RR as
Such contents are lower in C—S/N (1:3) than in C=S/N (3:1). a rule develop the surface area and porosity in the resultant
The comparison of the composition data for the couples of products. For H-400 and H-9(&eT, Wo, andVpe increase.
samples H-400 and HC—400-S/N (1:3), and C—S/N (1:3) and Ve is as high as 0.40 and 0.34 8gr ! for H-400 and H-
CH-S/N (1:3)-400 shows the same trends as those describe®00, respectively. For the chemically-treated samples, as an
before for the products prepared by the single treatments ofexception Wy is also higher for C-S/N (1:3). Howevafya
RR. They demonstrate that the predominant effectin the com-greatly increases in C-N, C-S/N (3:1), C-S/N (1:1), and
bined treatments of RR on the elementary composition is the C-S/N (1:3). The highest value &na (0.69cn?g~1) ap-
one effected first. pears for C-S/N (1:3). In contrast, C—S possesses a very poor
The above-mentioned composition changes can bedevelopment of the porosity in all ranges of pore sizes. In
accounted for as follows. The heat treatments of RR fact, Vr is equal to 0.15crhg~? for this sample, which is
result in the release of volatile matter, and consequently similar to that for C—S. The values of the pore volumes ob-
in mass loss. Depending on the chemical composition tained for the chemically-treated products in a single stage
of the products evolved, it will be affected the relative reveal that the creation of macropores is favoured with in-
amounts of the analysed elements in the final products. creasing content of nitric acid in the HN®>,SO, solution.
Nevertheless, the deposition of carbon may also occur, However, a high concentration of sulphuric acid in such a so-
in particular at 900C. In earlier studies of tyre pyrolysis Ilution mitigates the development of the microporosity. The
[30-32]it has been found that the resultant quantity of char presence of mesopores is of little significance, regardless of
exceeds the amount of carbon black present in the originalthe composition of the acid solution.
tyres. Accordingly, the solid product was regarded as a As far as the combined treatments of RR is concerned,
mixture of carbon black and char formed by tyre rubber the effect of the chemical or heat treatment of the previ-
degradation. ously heated or chemically-treated product on the porosity
The chemical treatments of RR with the Hj/E,SOy depends on the range of pore sizes. For comparison purposes
solutions may produce not only mass loss by, e.g., solution one can use H-400 for HC-400-S/N (1:3) and C-S/N (1:3)
of a RR component such as zinc oxide, which behaves as arfor CH-S/N (1:3)-400. Data iffable 3show that the subse-
amphoteric metallic oxide, but also mass increase by forma- quent chemical treatment of H-400 causes an increadg in
tion of surface complexes in the carbonaceous material of andVmy5 and a decrease Mye. However, the heat treatment
RR. Sulphuric acid, which is a strong dehydrating agent, may of C—S/N (1:3) produces a decreaséNh andVya, Vme re-
also cause carbonisation of organic components of RR, thismaining unchanged. As a final comment it should be noted
leading to an increased carbon content. In aqueous solutionthat for the carbonaceous adsorbents prepared in this study,

nitric acid combines with sulphuric acid according to excluding C-SVy varies between 0.77 chg~?! for H-400
- and 1.02crig—! for C-S/N (1:3). Therefore, C-S/N (1:3)
HNO3 4 2H2SOy — NO»™ + H30™ + 2HS(Qy 1) possesses the best-developed total porosity.

o . . The values of\p indicate that the creation of micropores
The stoichiometry of reaction (1) suggests that the formation ¢ 5 result of the heat and chemical treatments of RR
of the nitronium ion first, and hence the nitration of the car- is of little significance. It holds even for H-400, H-900,

bonaceous material of RR, is favoured when the acid solution C-S/N (1:3), and HC—400-S/N (1:3), in spite of the greater

containing a higher content of sulphuric acid is used. Only j,rea5e produced in the micropore volume for this series of
in such an instance, by action of the sulphuric acid in excess,samp|es_ However, the mesoporosity for H-400, H-900, and
the introduction of sulphonic groups in the carbonaceous c_400-s/N (1:3) 'and the macroporosity for most of the

material would be also possible. Furthermore, it would be 5 h1e5 develop to a large extent. As a guide, for different
propitiated by the fact that the reaction medium heated during activated carbons, which are usually regarded as typical

the treatment of RR with the acid solution as reaction (1) is an microporous solids, the volume of micropores lies between
exothermic process. However, from the low sulphur content 5 15 2nq 0.50 cig~L. The volume of mesopores ranges
in the chemically-treated products it becomes clear that usually between 0.02 and 0.10%gr? and the volume of

sulphur surface complexes are not formed, to a Sig”iﬁca”tmacropores between 0.20 and 0.8Ggn! [33].
extent at least. The opposite holds for the nitrogen surface

complexes. 3.3. Adsorption of mercury

3.2. Textural characterisation 3.3.1. Kinetics
Fig. 1shows the plots of the amount of mercury adsorbed
The starting material (see dataTiable 3 is practically a per unit mass of adsorben (mg g-1)) against contact time
non-porous materiay/t being equal to 0.08 cfrg ! for RR. (t (h)) (Xwas estimated from the amounts of mercury present
Furthermore, its extremely reduced porosity is made up of in the adsorptive solution before and after its contact with the
almost exclusively large pores, i.e., mesopores and macrop-adsorbent). From th¥-t data the first-order adsorption rate
ores. Becaus¥@y is very low in RR,Sse71=0.0nmf g~ L. constantk (h—1)) was estimated by applying expression (2),
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Fig. 1. Variation of the amount of mercury adsorbed with time.

which was early proposed by Lagergi@4]: adsorption kinetics of mercury is stronger for the chemical
| e X) = 100 Xe — k1/2.303 ) one. In fact, the lowest value &f(2.7 x 10~2h~1) obtained
0910(Xe — X) = 10930 Xe — k/2. @ in this study appears for HC-400-S/N (1:3).

whereXe is the amount of metallic ion adsorbed at equilib- ~ The kinetics of the adsorption process of solutes from

rium per adsorbent mass unit (mgly. It was derived in a aqueous solution on porous solids are influenced not only
kinetic model based on the assumption that chemisorption isby the surface functional groups of the adsorbent but also
the rate limiting step. The values thus obtained (fe., the by its pore size distribution, which is the factor that controls
linear correlation coefficient) aridare listed irTable 4 The ~ the facility of access of the adsorptive in aqueous solution
highr values obtained for all the adsorption systems denote to surface active sites of the adsorbent. The mesoporosity, in
that theX—t data fit quite well to Eq(2). Good correlation ~ particular, may play an important role in connection with the
coefficients indicate that Lagergren’s equation is applicable adsorption kinetics from the liquid phase. In accordance with
and the adsorption process is first-orfi5]. these statements itis clear that the simple existence of a qual-
As shown in Table 4 k varies in the sequence itative correlation between part of the elemental composition
C-S>C-N>H-900>H-400>C-S/N (1:3)>RR>C-S/N of the adsorbent, alone, akdialues does not necessary im-
(1:1)>CH-S/N  (1:3)-400>C-S/N (3:1)>HC-400-S/N Ply a mechanistic significance. In any event the values of the
(1:3). In comparison to RR, therefore, the adsorption process0OXygen content (wt.%) arkd(h~) (Table 3 for H-400 (7.21,
of mercury is faster for the samples prepared by heat treat-3.5) and H-900 (2.75, 3.9), on the one side, and for C-S/N
ment of RR at 400 or 90CC and using the bB5O;, HNO;  (3:1) (13.85, 2.6< 10~!) and C-S/N (1:3) (11.24, 3.1), on
or 1:3 H,SOy/HNO3 solution in the chemical treatment the other side, seem to indicate that a high content of oxy-
of RR. In contrast, the process is slower when using the gen decelerates the adsorption process of mercury. However,
HZSO4/HNO3 solutions Containing a h|gh 50, content such values are 6.10 and Z<Z|.O_2 for HC-400-S/N (13)
and also when RR is successively heated and chemically-and 7.69 and 1.7 for CH-S/N (1:3)-400.
treated, or vice versa. In the combined treatments of RR, Data inTables 3 and 4how that the kinetics of the ad-

the unfavourable effect of the second treatment on the Sorption process of mercury are more rapidly provided that
the adsorbent is a non-porous solid (RR and C-S) or the

Table 4 correspondind/me is high (H-400, H-900). An exception to
Values of the adsorption rate constant the rule is C=S/N (1:3) as for this sample, in spite of its so
Sample k> 107 (h™1) r low Vime 0f 0.07 cn? g~1, kis somewhat higher than for RR.
RR 21 0.9996 The speeding up of the process could be associated with a
H-400 35 09999  great development of the macroporosity\4g, is as high
g-_gsoo 2'2 g'ggéé as 0.69 crig™! for C-S/N (1:3). However, it would be then
C-N 50 0.9917 striking the fact that for C—S/N (3:1) and C-S/N (1Mpa
C-SIN (3:1) 2 6 10-1 0.9971 (seeTable 3 is also high and presents a small value, in
C-SIN (1:1) 1.8 0.9980  particular for C-S/N (3:1). Moreover, the kinetic results and
C-SIN (1:3) 31 0.9998  the macropore volumes are rather similar for C—-N and C-S/N
HC-400-S/N (1.3) 25107 09962 ~ (1:3). In view of these results it was thought that the pore size
CH-SIN (1:3)-400 1.7 0.9996

distribution in the macropore range could be the determinant
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Fig. 2. Pore size distribution of the adsorbents.

factor in connection with the adsorption kinetics of mercury C-S/N (3:1), C-S/N (1:1), and C-S/N (1:3). This indicates
for the chemically-treated samples. In order to verify it the thatthe pore size that controls the adsorption kinetics of mer-
cumulative pore volume, as obtained by mercury porosime- cury depends on the method of preparation of the adsorbent.
try, has been plotted against pore radiuig. 2 It is seen When applying chemical methods, the diffusion of the ad-
that the pore size distribution in such a porosity region is sorptive solution in pores of the adsorbent must be hindered
much wider for C—N and C-S/N (1:3) than for C-S/N (3:1) and as a result the presence of wider pores is needed in the
and C-S/N (1:1) and that, at the same time, it is similar for material so that the adsorptive can reach surface active sites
the samples of each individual couple. These results suggestocated in pore walls.
that the factor that greatly influences the adsorption kinetics
is the pore size distribution in the macropore range, instead3.3.2. Adsorption isotherms
of the macropore volume. The adsorption isotherms measured for the various sys-
The porosity of H-400 and H-90(F(g. 2) in the meso  tems are shown ifig. 3. The isotherms obtained for H-400
and macropore ranges is made up of narrower pores than forand H-900 belong to the type H2 of the system of classifi-
most simply chemically-treated products and, however, the cation put forward by Giles et aJ36] for organic solutes.
adsorption process is faster for H-400 and H-900 than for The isotherms for H-400 and H-900 display a first ascending

—=—RR
2404 —e— H-400
—a— H-900
A —v—C-S
200 /' —e—C-N
A /* | ——C-SIN(@E:1)
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Fig. 3. Adsorption isotherms of mercury.



E. Manclon-Vizuete et al. / Journal of Hazardous Materials B119 (2005) 231-238 237

branch of great slope which denotes that the solute has suclones. These products should possess a more hydrophilic
affinity for the adsorbent that in dilute solutions it is com- character owing to the formation of nitrogen surface groups
pletely adsorbed, or at least there is no measurable amounas a result of the treatments of RR with acid solutions.
remaining in solution. The isotherms also show along plateau  The Freundlich Eq(3) [38]

which is almost parallel to the abscissa axis and that extends /n)
practically in the whole range d@</Cp values,Ce and Cq Xe= KiCg 3)
being the equilibrium concentration and the initial concen- o applied to the adsorption isotherms. Hegis also the
tration of the adsorptive solution. The length of this plateau 5mount adsorbed (mgd) at equilibrium.Ks (mgg1) and

was earlier associated with the energy barrier that has to be,, 5re two constants which incorporate all factors affecting
overcome before additional adsorption can continue on newhe adsorption process, such as adsorption capacity of the
active sites, after the surface has been saturated to the first desgsorhenti;) and the variation of the adsorption with con-
gree[36]. A second rise in the isotherm was attributed to the aniration (1f). The values of, K andn are listed ifTable 6
development of a fresh surface on which adsorption can occur; s seen thaks is as high as 108.9 mgg for H-900. For ad-

[36]. Such a surface may be: (a) the exposed parts of the layers o hents prepared from various sources, valu&s of 50.11
already present; (b) new regions of the substrate structure intor1 ), 28 8[18], 4.52[19], 42.6[20], and 6.1§22] have been
which the solute begins to penetrate; or (c) part of the original reported previously.

surface that may become uncovered by re-orientation of the  "1ne values ofiK; show that the adsorption of mercury
molecules already adsorbed. . is low for RR, which is in line with the poor develop-

A peculiar feature of the isotherms obtained for the ment of surface area and porosity in this product. For the
samples other than H-400 and H-900 is that they start yhole series of adsorbents prepared from RRvaries in
defining atCe/Cp values that are far abov€e/Co~ 0.0. the sequence H-900>H-400>CH-S/N (1:3)-400>C—~S/N
For _C—S/N (3:1), C-S/N (l:l), and HC-400-S/N (1:3), in (1:3) >RR>C-=N>C-S>C-=S/N (1:1) >C-=S/N (3:1) >HC-
particular, suctCe/Co values are around 0.8. Furthermore, 400.g/N (1:3). The adsorption capacity, in particular, is
for HC-400-S/N (1:3) the adsorption of mercury is Very pigher for H-400 and H-900 than for RR. It is also greater
low, practically zero, over the whol€e/Co range. These  for cH-400-S/N (1:3). Finally, the increaseli is less sig-
results denote a low affinity of the adsorbent towards the pificant for C-S/N (1:3). Accordingly, the adsorption of mer-
adsorptive. Also, the adsorptive-adsorbent interactions areqry can be favoured by heat, chemical and combined treat-
not strong enough so that the adsorption can occur. The factnents of RR. In the chemical and combined treatments, how-
that the pH of the adsorptive solution (Skgble  asarule  eyer, it is so only when in the preparation of the samples
increases after a significantly long contact time with the e H,SOy/HNOs solution with the highest concentration of
adsorbent suggests that the adsorption process is not of ionigy\ o, s used and when the heat treatment is effected sec-
exchange between Hions and H ions since, otherwise,  nq after the chemical treatment, respectively. In brief, heat-
the pH should_decreas_e with rega_rd to 4.1, Whlch is the pH ing and the greatest presence of HN®the HSO/HNO3
of the adsorptive solution. According to the literat8g], solution increase the adsorption of mercury. In contrast, the
the solubility of HgC in water is 6.6 g HJGI/100g water  54sorption is small when the acid solution used in the treat-
at 20°C. In water, most of the compound in solution i ment of RR possesses a high content 888, and when RR
present as undissociated Hg@holecules; a small amount g g ccessively heated and chemically-treated.
dissociates, and for the equilibrium HgGIHgCI" +CI™, The chemical composition of the adsorbents does not ap-
logK is about—6.55; small amgunts of Hget and very  near to be a significant factor in connection with their ad-
small amounts of Hf and HgCh~™ are also present. Then,  gqoniion capacity. For example, the contents of nitrogen and
of these mercury species that presumably participate in theoxygen Table 2 are higher for C-S/N (1:3) than for H-900,

adsorption process, molecular Hg@ppears to be the most a4 the amount of mercury adsorbed is however greater for
important one. It is consistent with the higher adsorption of

mercury for both simply heated samples, which must be more

hydrophobic adsorbents, than for the chemically-treated Table 6
Parameters of the Freundlich equation

Table 5 Sample Ks (mggt) n r
pH change in the adsorptive solutfon RR 18 13 0.9987
Sample pH Sample pH H-400 891 9.8 0.9996
H-900 1089 2174 0.9930
RR 6.1 C-SIN (3:1) 4.9 Cc-S 16x 104 0.5 0.9940
H-400 5.8 C-SI/N (1:1) 4.3 C-N 04 11 0.9930
H-900 7.0 C-SIN (1:3) 5.3 C-SIN (3:1) 210732 0.08 0.9977
c-s 3.8 HC-400-S/N (1:3) 52  C-S/N(1:1) 16 x 10720 1.3x 1071 0.9944
C-N 4.0 CH-SIN (1:3)-400 5.1 C-SIN (1:3) 50 23 0.9997
2 The pH of the adsorptive solution was 4.1 and remained practically con- HC-400-S/N (1:3) Bx10°% 0.03 0.9982
CH-SIN (1:3)-400 1D 33 0.9997

stant after 7 days.




238 E. Manclon-Vizuete et al. / Journal of Hazardous Materials B119 (2005) 231-238

the latter product. In contrast, the micropore content in the [4] B. Siurn, Scrap Tire News 12 (1998) 1.
RR-derived products seems to play a more decisive role on [5] B. Siurn, Scrap Tire News 11 (1997) 1.
the extent of adsorption of mercury, in spite of the low devel- (6] B- Sium, Scrap Tire News 12 (1998) 5.

t of th . itv in the adsorbents. Th t [7] M. Blumenthal, Advances in instrumentation and control, in: Inter-
opment o € microporosity In the adsorbents. us, mos national Conference and Exhibition Proceedings of the 1996 Inter-

samples with an increased adsorption capacity withregardto  national Conference on Advances in Instrumentation and Control.

RR possess a higher micropore volume. For H-400, H-900, ISA/96. Part 1 (of 2), 51 (1) 1996, USA 2, Instrument Society
and C-S/N (1:3), in additiork; increases with increasing of America Research Triangle Park, N.C., USA, 1996, pp. 405-
Vimi. An exception to the rule is however the pair HC-400-S/N 414

(1:3) and CH—S/N (1:3)-400 & is higher for the product Lo B Siurm. Scrap Tire News 11 (1997) 10.

) ) [9] X.E. Castells, Reciclaje de Residuos IndustrialesazD Santos,
with a lower micropore content. Madrid, 2000, p. 495.

[10] L.R. Radovic, C. Moreno-Castilla, J. Rivera-Utrilla, in: L.R. Radovic
(Ed.), Chemistry and Physics of Carbon, vol. 27, Marcel Dekker,
4. Conclusions New York, 2000, pp. 227—405.
[11] S. Babel, T.A. Kurniawan, J. Hazard. Mater. B97 (2003) 219-
e As a result of the treatments of tyre rubber, important 243.

changes occur in its chemical composition Usually the [12] H. Kothandaraman, S. Geetha, Principle of Environmental Chemistry,
) 2! B.l. Publication Pvt. Ltd., India, 1997.
carbon content and the hydrogen content suffer an impor- [13] W.R. Knocke, L.H. Hemphill, Water Res. 15 (1981) 275-282.

tant decrease, whereas the nitrogen content and the oxygefi 4] IS Tolerance Limits for industrial effluents, IS: 2490 (Part-1), 1981.
content increase. Sulphur is not detected in a number of[15] V. Gomez-Serrano, A. Maas-Garéa, A. Espinosa-Mansilla, C.
the analysed samples. Valenzuela-Calahorro, Water Res. 32 (1998) 1-4.

e Tyre rubber may be regarded as a non-porous material. The18l C- Mamasivayam, K. Kadirvelu, Carbon 37 (1999) 79-84.

. . 17] E. Ekinci, T. Budinova, F. Yardim, N. Petrov, M. Razvigorova, V.
heat treatments of the rubber mainly develop the microp- Minkova, Fuel Process. Technol. 77/78 (2002) 437—443.

orosity and, in particular, the mesoporosity. The mesopore[18] M.F. Yardim, T. Budinova, E. Ekinci, N. Petrov, M. Razvigorova, V.
volume may become even higher than for a typical ad- Minkova, Chemosphere 52 (2003) 835-841.

sorbent of solutes in aqueous solution such as activated19] K. Kadirvelu, M. Kavipriya, C. Karthika, N. Vennilamani, S. Pat-
carbon. The chemical treatments, instead, give rise to the _ @Phi, Carbon 42 (2004) 745-752.

. f In th bined h [20] F.-S. Zhang, J.O. Nriagu, H. Itoh, Water Res. 39 (2005) 389-395.
creation of macropores. In the combined treatments, t e[21] C. Seigneur, H. Abeck, G. Chia, M. Reinhard, N.S. Bloom, E.

predominant effects on the porous structure are the ones  prestbo, P. Saxena, Atmos. Environ. 32 (1998) 2549-2657.

associated with the treatment effected first. [22] A.R. Cestari, E.F.S. Vieira, E.C.N. Lopes, R.D. da Silva, J. Colloid.
e In comparison to the starting rubber, the adsorption pro-  Interf. Sci. 272 (2004) 271-276.

cess of mercury is faster for the samples prepared by[23] H.-J. Im, C.E. Barnes, S. Dai, Z. Xue, Micropor. Mesopor. Mater.

. . . 70 (2004) 57-62.
treatment of the material with the8CQ;, HNOg or 1:3 [24] J. Goel, K. Kadirvelu, C. Rajagopal, V.K. Garg, Carbon 43 (2005)

H>SOy/HNOj3 solution and also for both heated products. 197-200.
The remaining chemical and combined treatments have an25] A.S. Gunasekara, J.A. Donovan, B. Xing, Chemosphere 41 (2000)
unfavourable effect on adsorption kinetics. 1155-1160.

e The adsorption capacity of tyre rubber towards mercury is 2! a'at'\gre”s% (Zl ggi;)a’z 3D1' Sflrmatas' W. Wang, H.Y. Kuo, J. Hazard.
greatly enhanced when it is heated at 400 or ‘GDOAI- [27] E.LK. Mui, D.C.K. Ko, G. McKay, Carbon 42 (2004) 2789-2805.
though less, it also increases when the material is succesf>g] E. Mancton-Vizuete, A. Magas-Garéa, A. Nadal Gisbert, C.
sively chemically- and heat-treated. The favourable effect Ferrandez-Gordlez, V. ®mez-Serrano, Micropor. Mesopor. Mater.
on the adsorption of mercury is still weaker when the 1:3 67 (2004) 35-41.

H,SQu/HNO;3 solution is used. The other treatments of the [29] C- Valenzuela-Calahorro, A. Mégs-Garta, A. Bernalte-Gaiia, V.

bber | he ad . f . . Gomez-Serrano, Carbon 28 (1990) 321-335.
rubber lower the adsorption of mercury In COmparison 10 35 A A. Merchant, M.A. Petrich, AIChE J. 39 (8) (1993) 1370—1376.

the starting rubber. [31] B.L. Schulman, P.A. White, in: J.L. Jones, S.B. Radding (Eds.), Solid
e The adsorption process of mercury is faster provided that ~ Wastes and Residues: Conversion by Advanced Thermal Processes,

the adsorbent is a non-porous solid, its mesopore volume[ | American ihemica' STCiety’hWaShi?]gtonx( D-C-)v 1978.

ic hi ; ; fetr [P ; 32] W. Kaminsky, H. Rossler, Chemtech 22 (1992) 108.

!S hl.gdh OI‘UItS p(ﬁre Sr:ze ?jlsmbu.tlon In the. mz_icrloporefreg|ﬁn [33] J.C. Cookson, in: P.N. Cheremisinoff, F. Ellerbusch (Eds.), Carbon

IS wide. sug Ys t e adsorption capacity Is grger or t_e Adsorption Handbook, Ann Arbor Science, Ann Arbor, MI, 1978,
adsorbents with higher developments of the microporosity. pp. 241-279.

[34] S. Lagergren, K. Svenska, Vetenskapsakad Handl. 24 (2) (2003)

31-42.
[35] A.K. Jain, V.K. Gupta, A. Bhatnagar, Suhas, J. Hazard. Mater. B101
References (2003) 31-42.
[36] C.H. Giles, T.H. MacEwan, S.N. Nakhwa, D. Smith, J. Chem. Soc.
[1] A.M. Cunliffe, Energ. Fuels 13 (1) (1999) 166-175. 786 (1960) 3973-3993.
[2] B.Z. Savas, Sh. Ahmad, D. Fedroff, Transportation Research Record [37] B.J. Aylett, in: J.C. Bailar Jr., H.J. En®@ls, R. Nyholm, A.F.
no. 1574, November 1996. National Research Council, Washington, Trotmant-Dickenson (Eds.), Comprehensive Inorganic Chemistry,
D.C., USA, pp. 80-88. Pergamon Press, Oxford, 1973, pp. 187-328.

[3] B. Siurn, Scrap Tire News 12 (1998) 8. [38] H. Freundlich, Phys. Chem. Soc. 40 (1906) 1361-1368.



	Adsorption of mercury by carbonaceous adsorbents prepared from rubber of tyre wastes
	Introduction
	Experimental
	Material
	Preparation of adsorbents
	Elemental chemical analysis
	Textural characterisation
	Adsorption of mercury

	Results and discussion
	Elementary analysis
	Textural characterisation
	Adsorption of mercury
	Kinetics
	Adsorption isotherms


	Conclusions
	References


