Science and Technology of

Advanced Materials @ EMPA®  QwMRE naﬁ&jﬁ]ﬁ?aﬂ

Related content

- Preparation and properties of antibacterial

Surface characteristics and antibacterial activity of = rozacigcore—shel composie

. . San-Xiang Tan, Shao-Zao Tan, Jing-Xing
a silver-doped carbon monolith Chen etal.

- One-pot facile green synthesis of biocidal

- . " " ’ : silver nanoparticles
To cite this article: Marija Vukevi et al 2008 Sci. Technol. Adv. Mater. 9 015006 Shabiha Nudrat Hazarika, Kuldeep Gupta,

Khan Naseem Ahmed Mohammed Shamin
etal.

- Silver nanopatrticles: synthesis, properties,
toxicology, applications and perspectives
Quang Huy Tran, Van Quy Nguyen and
Anh-Tuan Le

View the article online for updates and enhancements.

Recent citations

- Active Nano Metal Oxide Coating for Bio-

fouling Resistance
K. R. Rasmi et al

- Acid/base treatment of monolithic
activated carbon for coating silver with

tunable morpholoay
Ci Cheng et al

- Synthesis, characterization, and
antimicrobial activity of silver nanoparticles
on poly(GMA-co -EGDMA) polymer
support
Ivana D. Vukoje et al

This content was downloaded from IP address 147.91.1.92 on 07/03/2018 at 14:17


https://doi.org/10.1088/1468-6996/9/1/015006
http://iopscience.iop.org/article/10.1088/1468-6996/10/4/045002
http://iopscience.iop.org/article/10.1088/1468-6996/10/4/045002
http://iopscience.iop.org/article/10.1088/2053-1591/3/7/075401
http://iopscience.iop.org/article/10.1088/2053-1591/3/7/075401
http://iopscience.iop.org/article/10.1088/2043-6262/4/3/033001
http://iopscience.iop.org/article/10.1088/2043-6262/4/3/033001
http://dx.doi.org/10.1007/s12666-017-1264-x
http://dx.doi.org/10.1007/s12666-017-1264-x
http://dx.doi.org/10.1007/s11595-017-1664-0
http://dx.doi.org/10.1007/s11595-017-1664-0
http://dx.doi.org/10.1007/s11595-017-1664-0
http://dx.doi.org/10.1002/pc.23684
http://dx.doi.org/10.1002/pc.23684
http://dx.doi.org/10.1002/pc.23684
http://dx.doi.org/10.1002/pc.23684

|OP RUBLISHING SCIENCE AND TECHNOLOGY OFADVANCED MATERIALS

Sci. Technol. Adv. Mate (2008) 015006 (7pp) doi:10.1088/1468-6996/9/1/015006

Surface characteristics and antibacterial
activity of a silver-doped carbon monolith

Marija Vuk Cevic!, Ana Kalijadis?, Suzana Dimitrijevic-Brankovic?,
Zoran Lau$evic? and Mila Lau Sevic!

1 Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, 11000 Belgrade, Serbia
2 Laboratory of Physics, Vinca Institute of Nuclear Science, PO Box 522, 11001 Belgrade, Serbia

E-mail: marijab@tmf.bg.ac.yu

Received 16 August 2007

Accepted for publication 10 October 2007
Published 13 March 2008

Online atstacks.iop.org/STAM/9/015006

Abstract

A carbon monolith with a silver coating was prepared and its antimicrobial behaviour in a flow
system was examined. The functional groups on the surface of the carbon monolith were
determined by temperature-programmed desorption and Boehm’s method, and the point of
zero charge was determined by mass titration. The specific surface area was examined by N
adsorption using the Brunauer, Emmett and Teller (BET) method. As a test for the surface
activity, the deposition of silver from an aqueous solution of a silver salt was used. The
morphology and structure of the silver coatings were characterized by scanning electron
microscopy and x-ray diffraction. The resistance to the attrition of the silver deposited on the
carbon monolith was tested. The antimicrobial activity of the carbon monolith with a silver
coating was determined using standard microbiological methods. Carbon monolith samples
with a silver coating showed good antimicrobial activity agatstherichia colj

Staphylococcus aureandCandida albicansand are therefore suitable for water purification,
particularly as personal disposable water filters with a limited capacity.

Keywords: carbon monolith, surface properties, silver, antimicrobial activity, water purifier

1. Introduction that a CM in the shape of a parallelepiped with longitudinal
parallel channels has been used for the adsorption of toluene,
In the last few years, there has been growing interest anvolatile organic compound]. Also, cylindrical CMs with
the carbon monolith (CM) as an alternative to conventionafuare channels obtained from polyfurfuryl alcohol with Pt
carbon materials. CMs can be produced with the desiradd Pd deposits were used for the removal of volatile organic
shape and morphology with controlled composition, structusempounds in a catalytic combustion proceds |
and porosity. Several methods for producing CMs have been We are interested in the potential of using a cylindrical
reported. In one of these methods, solid templates filled wi@M with longitudinal capillary channels as a filter for water
carbon are used as a precursbed]. After the carbonization purification. The CM surface was characterized, then the
and subsequent template removal, a porous CM is obtainathterial was modified by silver deposition. The antimicrobial
The size and shape of the CM can be easily tailored lagtivity of the modified CM again$Escherichia coliE. coli),
controlling the size and shape of the template. Howeveme of the more frequent species inhabiting water, as well
the synthesis of the template for the monolith is compleas Staphylococcus aurey$. aureuy and Candida albicans
An alternative method of obtaining materials with a define(C. albicang was tested.
shape is powder pressind][ Tonanonet al [5] described Silver-coated carbon materials act as an efficient filter for
a new method for preparing CMs by ultrasonic irradiatiorthe removal of bacteria from polluted wate8—{L1]. Silver
CMs are attractive for applications in catalysis, biocatalysigs well known for its antibacterial propertie$Z-15]. Silver
adsorption, as porous electrodes under a continuous flmms are highly toxic to microorganisms, and have a strong
condition and as chromatography columns. It was reportbibcidal effect on many bacteria species. The mechanism of
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analysed using the Brunauer, Emmett and Teller (BET)
method [L8].

The functional groups on the surface of the CM were
determined by Boehm’s methodq, 20]. Acidic sites were
determined by mixing small quantities (0.1 g) of the CM with
10 cn? of different bases (0.1 M NaOH, DM NaHCQ; and
0.05 M NaHCQ) in 25 cn? beakers. Beakers were sealed and
shaken for 24 h. The solutions were then filtered and titrated
with 0.05 M H,SQy. Basic sites were determined in the same
way, by mixing 0.1g of the CM with 10 cfnof 0.1 M HCI.
After the filtration, the solution was titrated with 0.1 M NaOH.

Temperature-programmed desorption (TPD) in combi-
nation with mass spectrometry was used to investigate the
nature and thermal stability of CM surface oxygen groups.
The TPD profiles were obtained using a custom-built set-up
consisting of a quartz tube placed inside an electrical furnace.
A CM sample was outgassed in the quartz tube and subjected
to TPD at a constant rate of heating of 10 K mirio 1173 K
under high vacuum. The amounts of CO and,Q@leased
from the carbon sample (0.1g) were monitored using an
Extorr 3000 quadrupole mass spectrometer (Extorr Inc, USA).
TPD plots were deconvoluted using OriginPro 6.1 (OriginLab
Corporation, USA). A multiple Gaussian function was used
to fit each of the TPD curves, taking the position of the peak
centre as the initial estimat2]].

: e e The point of zero charge (PZC) of the CM was dete-
0 s15 SE_10.1 67 reaklor 00 rmined by mass titration by placing various amounts (0.05,
. o 0.1, 0.5, 1 and 10% by weight) of the CM in 10&m
Figure 1. Carbon monolith (CM): (a) optical photograph, and of 0.1 MKCI solution (prepared using preboiled water to
(b) SEM image of the cross section. eliminate CQ). The beakers were held in Ar atmosphere to
eliminate any contact with air. They were then placed in a
the antimicrobial effect of silver is still not fully understood thermostat shaker overnight. The equilibrium pH values of
Itis believed that DNA loses its replication ability and cellulaf"® mixtures were then measured. The limiting pH value was
proteins become inactivated upon treatment with silver jorigken as the PZCp]. - _
In addition, it has also been shown that silver ions bind to the 1he rate of silver deposition at the material surface was

functional groups of proteins, resulting in protein denaturatidi@mined as a function of the initial concentratison of AGNO
[15-17. solution (0.23, 0.46, 0.70, 0.93 and.& mmol dm ™), and the

contact time between the CM surface and the AgN@lution
(0.70 mmol dm3). Silver deposition at the CM surface was

2. Experimental observed by measuring the decrease in silver concentration
in the solutions using a Pye Unicam SP9 atomic absorption
2.1. Materials spectrometer (Pye Unicam Ltd, UK).

N . . A JEOL-T20 scanning electron microscope (SEM)
Cyllmdrlcal EM (Ielzngth 3.tg)cm, dl'amgziter 1.8 cm) Wc'jth 8EOQ‘JEOL Ltd, Japan), was used for examining the morphology
capillary channels (each &0 in diameter) inside the q¢ oo deposited at the CM surface. A Philips 1050 x-ray

:jnat_erlal v:/jere purchaieg from Frac(';al Carhbon (_U'?' Thcﬁffractometerwas used to verify the composition of the silver
esign an 'structure oft ?CMS used are shown in 'guredeposit. Diffraction lines were measured using Ni-filtered
The monolith is a composite material, consisting of a glas@/uKO[1 , radiation.

carbon bed and an activated carbon layer on the inner capillary ¢ resistance to attrition of the CM samples impregnated

walls. The adsorption characteristics of the CM depend on thg silver (CM/Ag) was determined by a washing test. A

adsorption capacity of the activated carbon layer. CM/Ag sample was exposed to the flow of distilled water at a
flow rate of 6 crd min—2. Effluent increments of 25 chwere

2.2. Surface characterization tested for silver attrition by atomic absorption spectrometry.

The surface area of the CM was determined by nitrog<=21
adsorption at the temperature of liquid nitrogen using an
accelerated surface area and porosity analyser (Micromerité®!/Ag samples were obtained by silver adsorption on the
ASAP 2020 MP, USA). Nitrogen adsorption isotherms weri@ner capillary walls of the CM. A constant flow of AQNO

3. Antibacterial activity

2
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Table 1. Surface characteristics of CM: surface area hyaNsorption, acid and basic functional group content and PZC.

Basic Acid
functional functional
BET groups groups Carboxyl Lactone Phenol
m*g™) (mmolg? (mmolg? (mmolg?) (@mmolg? (mmolg?l) PZC
150 0.776 0.388 0.228 0.050 0.110 9.47

Bacterial seed

Incubation

Bacterial solution
I cm3

Dilution

Bacterial solution
500 cm3

!

Homemade purifying apparatus
containing CM

!

Counting bacteria

Figure 2. Flow chart for the antibacterial test.

determined by counting. The antibacterial activity of CAg

was determined by comparing the number of bacteria in the

original solution with the number in the purified solution.
Also, the antimicrobial activity of CM and CJAg

samples for a mixture of bacterig.(coli andS. aureusand

fungus C. albican3 was tested.

3. Results and discussion

3.1. Surface characteristics

Nitrogen adsorption isotherms were analysed using the BET
method to determine the surface area of the CM sample
(table 1). The surface oxygen complexes on the CM have
acidic as well as basic properties and can be conveniently
determined by Boehm'’s titration method and by mass titration
(PZC). The results obtained are presented in tdbl&he
results obtained by Boehm’s method showed that the amount
of basic groups is twofold higher than the amount of acidic
groups. The PZC value obtained indicates that the CM surface
has a basic character, as expected from the results of Boehm’s
titration method (tablé).

It has been shown in TPD experiments that surface groups
on carbon material decompose by releasing CO and.CO
According to the literatureZ1, 23-25], TPD peaks can be
assigned to specific surface groups. The, Qibfile results
from carboxylic acids at low temperatures and lactones at

solution (concentration .03 mmoldnt®) through the CM higher temperatures; carboxylic anhydrides are the origin of
tube was used as the source of silver ions. The amountkgith CO and C@ peaks; phenols, ethers and carbonyls are
silver deposited was.82 mg Ag g. This amount was chosenthe origin of the CO peak.
so that the silver attrition remained under the concentration The decomposition temperature is related to the strength
limit allowed in drinking water and to achieve satisfactorf each specific oxygen-containing group. Thus, the amount
antibacterial activity simultaneously. of oxygen-containing species released corresponds to the
The antibacterial properties of top and bottom crogilantity of oxygen groups. To determine the amounts of the
sections of the CM tube were tested by the diffusion methg@veral different oxygen groups, TPD plots were deconvo-
using an agar plate. Each cross section was placed onligd. The deconvolution of the CO and &@esorption plots
agar plate seeded with. coli. A clear zone on both platesfor the CM sample are presented in figitend the corre-
confirmed the uniform antibacterial effect throughout th&ponding quantitative values are specified in table
whole monolith. The CQ TPD profile reaches its first maximum at a low
The antibacterial activity of the ClAg sample was temperature, 620K, due to the decomposition of carboxylic
determined using standard microbiological methods. Teg8d lactone groups. The second maximum at 870K, with
againstE. coli were conducted using homemade wate® small shoulder near 1000K, originates from more stable
purifying apparatus. The steps in the antibacterial test s@8hydrides angbr lactone groups.
shown in figure 2. 500cn? of water polluted with E. The CO TPD profile for the CM has a local maximum
coli was discharged through the QMg tube. After each at 620K. This is a very low temperature for CO evolution,
100 cn? of the water had passed through the O\ tube, and according to the literatur@7] it may originates from
samples of 1 crof the purified water were collected. Eacrcarboxyl anhydride. Since the GQrofile also has a peak
water sample was poured onto a sterile culture plate tt&it620 K, evolution of CO at this temperature may originate
contained agar. The culture plates were incubated for 24rhm CQ, reduction on the CM surfac&§]. The maximum
at 37°C. After incubation, the number of bacteria wasit approximately 1150 K suggests the existence of anhydride,

3
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Table 2. Results of TPD obtained by deconvolution.

Temperature Cco Total CO,  Temperature coO Total CO
(K) (mmolg™?) (mmolg™?) (K) (mmolg™?) (mmolg™?)
620 0.430 620 0.058
870 0.497 0.982 2.005
1020 0.055 ~1150 1.947
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Figure 4. Silver deposition as a function of (a) time and (b) initial

Fi 3. D luti f TPD tra of CM le: O -
gure econvolution o spectra o sample: (a) £ concentration.

evolution and (b) CO evolution.

although, it may also be attributed to phenols, etheridie first day (figurel(a)) but subsequently becomes very low;
carbonyls or quinones. thus, equilibrium is not reached even after two weeks.

The total amount of groups obtained by TPD is higher The initial concentration of AgN® solution has a
than that obtained by Boehm’s method. The discrepanggnsiderable effect on the total silver content deposited
between these results is either due to the difficulty the soluti®f carbon materials, as reported in the literaturg 7).
has in accessing the porous structure of the inner capillaipe silver content deposited on the CM increases with the
walls of the CM or due to the limitations of Boehm's titrationinitial concentration of AgN@solution up to a concentration
method. Boehm’s method provides a method of detectitd 0.70 mmol Ag/dm 2, as shown in figurei(b). Further
acidic (in the form of carboxyl groups, lactones and phenolg)creases in concentration have no effect on the amount
and basic surface groups, while TPD detects CO and COf silver deposited. The maximum amount deposited was
obtained by the decomposition of all surface species. approximately (6 mmol Agg™* CM.

The rate of silver deposition on carbon materials depends The composition and crystallinity of silver deposits
on the specific surface area as well as on the quality amgre examined by x-ray diffraction. The x-ray diffraction
quantity of functional groups that can act as initial activpatterns display diffraction peaks of metallic silver on the
sites R7]. We studied the rates of silver deposition on CMCM/Ag surface (figuré(a)). Diffraction patterns at®values
samples as a function of contact time and the concentrationodfapproximately 38 44°, 64.2° and 772° corresponding
AgNO; solution (figured). to (111), (200), (220) and (311) planes of silver metal,

The deposition of silver on a CM is a relatively slowespectively, are deposited as a face-centred-cubic (FCC) Ag
process. The silver deposition rate is reasonably high duristyucture p8]. Sharp peaks, corresponding to the diffraction

4
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Figure 7. Ag attrition test for CMAg.
Figure 5. X-ray diffraction patterns of (a) CiWAg and (b) CM.

(0.05mg Agdm3). The concentration of silver rinsed from
the CM/Ag sample containing .32mgAggCM?® as a
function of effluent volume is given in figuré. The silver
concentration decreases rapidly at first. The initial high
concentration values are probably due to the residue of
AgNO; in the porous capillary channels or due to the
dissolved surface Ag oxide layer, previously formed upon
contact between the dry surface of deposited Ag and air
[17, 31, 32]. However, after rinsing the CM with 150 ém

of distilled water, the attrition rate becomes negligible and
the concentration of Ag in the effluent remains two times
lower than the maximum allowed concentration in drinking
water. From the results obtained, the total amount of silver
rinsed from CM Ag was calculated. The initial silver content

of 3.42mgg? decreased to 93% of its initial value then
remained virtually constant.

t Magn

Q120k/ 60 75 SE 101 67 reaktor 1 100 m g

Figure 6. Morphology of silver deposit at the surface of CM
cross section.

3.2. Antibacterial activity

profiles of the Ag metal lattice, are superimposed on the brodtie diffusion method using an agar plate was used to evaluate
profile typical of a disordered carbon structu?8][ The x-ray the antibacterial properties of the QMg tube. Two disks
diffraction pattern of the CM without the Ag deposit is showrsliced from the top and bottom of the tube were placed on agar
in figure5(b) for comparison. plates seeded witk. coli. Results obtained by the diffusion
The amount of silver deposited depends on the surfagethod are shown in figurg Clear zones under both disks
area and the quantity of acidic functional groups that can aminfirmed a uniform antibacterial effect throughout the whole
as initial active sites for adsorption. A possible mechanism ofonolith. From these results, it can be concluded that silver
silver adsorption is through an ion-exchange reaction betwesas evenly deposited throughout the CM tube.
silver ions and carboxylic group8(]. However, in the case The results of the antibacterial test agaiBstcoli are
of the CM, the amount of silver deposited is different from thehown in figure9. The initial number ofE. coli bacteria in
amount of carboxylic groups; thus, not only carboxylic groupkcn?® of water was approximately $@CFU (colony-forming
affect silver deposition. Another possible mechanism of silvenits). The polluted water was purified through the G%g
adsorption is redox adsorptio8(], which is confirmed by tube at flow rates of 6 and 12 émin~1. After purification,
x-ray and SEM results. The x-ray pattern indicates that Aghe number of bacteria was reduced by 25-50%. For the lower
was reduced to AYcrystals. Silver metal is an electricalflow rate, greater purification efficiency was observed due to
conductor; thus, crystals can grow by Agduction at a silver the increased contact time between the polluted water and
crystallite surface. An SEM photograph (figueeshows that CM/Ag.
the deposited silver forms bulky, separate islands. Water polluted with a mixture of bacteria and fungus
If CM/Ag is to be used to purify drinking water, thewas purified through both the CM and the Ay tube at
attrition rate of silver is an important parameter. Thehe flow rate lower than 6 chmin~! (table 3). The initial
concentration of Ag in the effluent should not exceedumber of each species was approximatel§ @BU cnt3,
the maximum allowed concentration in drinking wateburing the purification using the CM the number of bacteria

5
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Table 3. Antimicrobial activity for mixture of bacteria and fungus.

Efficiency (%)
Material E.coli S.aureus C. albicans
CM 36.54 36.36 31.58
CM/Ag  99.90 97.36 96.49

[9, 11]. This can be avoided by impregnating the carbon
material with silver as a bactericide. The obtained results
showed that CMAg has strong antimicrobial activity against
E. coli, S. aureuandC. albicans removing more than 96%
of each tested species.

Additionally, in an attempt to simulate real environmental
conditions, water polluted with 2€CFU cnt2 of E. coli was
prepared. As the result of purification through the G
tube, bacteria-free water was obtained.

4. Conclusions

A carbon monolith impregnated with silver, which combines
the strong biocidal properties of silver with the adsorption
properties of carbon materials, was used for the disinfection
of water polluted withE. coli, S. aureusindC. albicans

In highly polluted water (number of bacteria: approxi-
mately 10 CFU cn13) a purification rate of higher than 96%
was achieved for all the microorganisms tested. Upon using
a lower concentration (E@FU cnT3) of E. coli, closer to
real environmental conditions, CMg completely removed
the bacteria from the polluted water.

Therefore, a carbon monolith impregnated with silver can
be used for purifying water polluted witk. coli, S. aureusnd
C. albicans Because of its specific shape, low silver attrition
rate and good antibacterial activity, the impregnated monolith
can be utilized as a personal disposable filter.

Figure 8. Clear zone on the agar plate placed below (a) top and
(b) bottom cross-section of the CM tube.
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