Colloids and Surfaces A: Physicochem. Eng. Aspects 496 (2016) 125-131

Colloids and Surfaces A: Physicochemical and

journal homepage: www.elsevier.com/locate/colsurfa

Contents lists available at ScienceDirect COLLODSAND

Engineering Aspects

Correlation between PSD and adsorption of anionic dyes with
different molecular weigths on activated carbon

@ CrossMark

J.E. Aguiar, ].C.A. de Oliveira, P.F.G. Silvino, J.A. Neto, 1]. Silva Jr., S.M.P. Lucena*

Universidade Federal do Ceard, Centro de Tecnologia, Departamento de Engenharia Quimica, Grupo de Pesquisa em Separagdes por Adsor¢Go—GPSA,
Campus do Pici, Bloco 709, CEP 60455-760 Fortaleza, CE, Brazil

HIGHLIGHTS

® There is a strong correlation between

anionic dye adsorption capacity and

the pore size distribution of the com-

mercial activated carbons.

Dye chemistry impact in the reten-

tion capacity if the molecular specie

is prone to form agglomerates.

® The use of N2 derived PSD and molec-
ular simulation in the NVT ensemble
can be a useful tool to best match a
dye to an activated carbon.

ARTICLE INFO

Article history:

Received 12 August 2015

Received in revised form 26 August 2015
Accepted 21 September 2015

Available online 25 September 2015

Keywords:

Dyes

Adsorption

Activated Carbon
Molecular Simulation
PSD

GRAPHICAL ABSTRACT

3004
AB25 2 4
A
250
A
-~ 2004
E a
£
< 150
= A
100 A
50
A
o a WV1050
0.‘00 0.(‘)5 0.‘10 0.‘15 OA‘ZO 0.25
Ceq (mg/mL)

ABSTRACT

The correlation between the adsorption capacity of commercial activated carbons and the pore size
distributions in the removal of anionic dyes was investigated. We performed experimental adsorption
isotherms measurements of the anionic dyes reactive red 120 (RR120), procion red MX-5B (PRMX-5B)
and acid blue 25 (AB-25) in the activated carbons WV1050, Norit R1 and Maxsorb. The activated carbons
were carefully characterized by N2 adsorption at 77 K and molecular simulation methods to obtain the
PSDs and retention capacity of selected pores (8.9, 18.5 and 30.9 A). Batch experiments were carried
out in order to obtain single component dye isotherms. We found that the proposed selected pores of
the PSD directly correlates with adsorption capacity when the size of the dye molecule is compatible
with the carbon pore size. Between RR120 and PRMX-5B we noted that dye chemistry strongly affect
the retention capacity. Based on our results, the use of N2 derived PSD and molecular simulation of dye
retention in selected pores can be a useful tool to guide to the optimization of carbon-based adsorbents
for dye removal.

© 2015 Elsevier B.V. All rights reserved.

* Corresponding author. Fax: +55 85 3366 9601.

1. Introduction

Thousands of dyes are used for printing and dyeing industries
generating potential polluters. Dyes, even in low concentrations,
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affect the aquatic ecosystem. Some of them are carcinogenic and
mutagenic. Hence, ways and means are required to remove the dyes
from wastewater [1,2].

The industry currently uses adsorption on activated carbon for
dye removal. The porous nature and the high surface area of this
adsorbent material allows removal of anionic and cationic dyes.
Adsorption also has a specific advantage of removing the com-
plete dye molecule, unlike certain removal techniques that destroy
only the dye chromophore, leaving the harmful residual moieties
(metals) in the effluent [3].

Although researchers extensively investigated activated car-
bons from different sources aiming dye removal [4-7], most of
these studies underestimate the importance of pore size distribu-
tion (PSD) of the carbon, interpreting the results in terms of surface
chemistry. The lack of carbon PSD characterization is a consistent
similarity among those papers. Few studies are dedicated to PSD
contribution [8-11]. In Pelekani and Li studies [8-10], they inves-
tigated the adsorption of dyes in a series of activated carbon fiber
(ACF). The ACFs were produced carefully so that the PSDs remain
unimodal. In our opinion, the PSD is the controlling adsorbent prop-
erty between dyes and the majority of activated carbon materials,
even without uniform pore size distribution.

Our objective is to extend the pioneering study of Pelekani and
Snoeyink [8] to commercial activated carbons produced from dif-
ferent raw materials and processes with irregular PSDs. We want
interpret essential dye adsorption results in activated carbons, as
showed by isotherms, using PSD data. To attain that objective we
choose 3 commercial activated carbon (Norit R1, WV1050 and
MAXSORB) with different PSDs and 3 dyes molecules (acid blue
25; procion red MX5B and reactive red 120) with increasing sizes.

The amorphous nature of the activated carbon is one of the main
limiting factors for obtaining reliable PSD. For this reason, Pelekani
used activated carbon fibers with uniform porous structures. As we
select commercial materials, the PSDs were carefully determined
with a kernel of N2 isotherms obtained by the Monte Carlo method,
previously tested in other systems [12-14]. Although the known
accessibility issues of N2, experimental nitrogen isotherms domi-
nate the literature of activated carbon studies and their PSD are very
similar to Ar isotherms, a less reactive probe-gas [15,16]. To assist
in the correlation between features of experimental isotherms and
the PSD of activated carbons, molecular simulations in the NVT
ensemble were performed. This enabled us to gain atomic level
insights of the system dye/slit pore. These simulations helped con-
firm whether the dye molecule accesses certain pore size and the
amount of dye that is necessary to saturate that pore. This study
therefore, proposes a new methodology that combines experimen-
tal data and molecular simulation that is able to quantitatively
describe those systems, as the non-availability of dye vapor pres-
sure data, prevents calculations in the grand canonical ensemble.

2. Materials and methods
2.1. Materials

Reactive Red 120 (RR120), Procion Red MX5B (PRMX-5B) and
Acid blue 25 (AB25) dyes were purchased from Sigma-Aldrich
Chemical Co. (USA). Table 1 shows the chemical structure and their
characteristics of these dyes. All dye solutions were prepared with
distilled water.

Norit R1, Maxsorb and WV1050 activated carbon came from
Norit Inc. (Netherlands), Kansai Coke and Chemicals (Japan) and
MeadWestVaco (USA), respectively. Concerning raw material,
WV1050 is wood-based, Norit R1 is bitumen-based and Maxsorb
activated carbon is manufactured from petroleum coke.

Table 1
Structures and chemical characteristics of the dyes acid blue 25 (AB25), procion red
MX-5B (PRMX-5B) and reactive red 120 (RR120).
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2.2. Textural properties of activated carbon

N, adsorption/desorption experiments at 77 K were performed
to obtain reliable isotherms in order to determine textural prop-
erties. The isotherms were obtained in an automatic sorptometer
Autosorb 1C (Quantachome, USA and Micromeritics, ASAP 2000)
at low pressure. The specific surface area was calculated using the
BET methodology and micropore volume was determined using the
Dubinin-Radushkevich (DR) equation, according to the procedure
described by various authors [17,18]. The total pore volume was
obtained from the N, volume adsorbed at a relative pressure of
0.95.

2.3. Experimental adsorption isotherms

Batch adsorption experiments were performed at 22 °C (& 2°C)
in an orbital shaker (Tecnal TE-165, Brazil) at 30 rpm. 20 mL of dye
solution were put in contact with 15mg of activated carbon in
50 mL polyethylene flasks. At the end of experiments the super-
natant were collected and centrifuged for 10 min at 10,000 rpm
(refrigerated microcentrifuge Cientec CT - 15000R). The concentra-
tion of each dye in the supernatant solutions before and after the
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adsorption experiments were determined in UV/Vis spectropho-
tometer (Thermo Scientific BioMate 3, USA) in order to obtain the
equilibrium concentration of dye in liquid phase. A wavelength
scanning for determination the maximum absorbance was per-
formed. The maximum wavelength (Amax)was observed at 605 nm
for AB25, 583 for PRMX5R and 583 nm for RV120.

Several batch experiments were carried out in order to obtain
the information about the equilibrium isotherms. For this aim,
RV120, PRMX-5B and AB25 dye stock solutions were prepared in
neutral pH. For the measurement of adsorption isotherms, differ-
ent initial concentrations of each dye were put in contact with the
adsorbent and after interval time necessary (2 h) to reach the equi-
librium the supernatant was collected and centrifuged. Dye amount
adsorbed in solid phase (specific relative surface excess of dye with
respect to water, q*) was calculated according to Eq. (1):

_ V(co — Ceq)
Myds

g (1)
where ¢p (mg/mL) and ceq (mg/mL) are the initial and the final
(equilibrium) concentration of dye in liquid phase, V (mL) is the
volume of solution, and m,ys (g) is the dried-weight of activated
carbon. All the adsorption experiments were performed twice.

2.4. Models

The dye molecules in their neutral form are minimized using
DFT (LDA/PWC functional) using DMol3 module of material studio
(Accelrys Inc.) and the atoms partial charges of the final minimized
structure was retained to be used in the NVT simulations (Fig. 1).

The activated carbon pores was modeled with a slit-shaped sim-
ulation cell of 40 A x 40 A with walls made of two layers of graphene
sheets. The graphene sheets were made up of discrete atoms of
carbon.

2.5. Carbon PSD determination

The PSD is computationally determined through the deconvo-
lution of a kernel of simulated isotherms using an experimental
probe-gas isotherm of nitrogen at 77.4K.

The integral adsorption equation to obtain the PSD is expressed
as follows:

Q(P)Exp=/CI(P, H) x f(H)dH (2)

where Q(p)exp is the experimental isotherm expressed as the
total amount of adsorbate per gram of adsorbent at pressure p;
q(p,H) represents the simulated local isotherms database (Kernel),
obtained for pores with different sizes (H), expressed as total adsor-
bate uptake at pressure p per pore volume and f{H) represents the
PSD. Solving this equation consists of determining the best combi-
nation of local isotherms that would reproduce the experimental
isotherm, and the term f(H) denotes the weight of this combina-
tion. The pore size distribution is then obtained by solving the Eq.
(2) numerically via a fast non-negative least square algorithm in
combination with a method to stabilize the result [19-22]. Reg-
ularization was introduced based in the “L curve” criteria via a
smoothing parameter (Fig. S9—Supporting information) [23,24].
This method is needed to stabilize the numerical computation, by
incorporating additional constraints based on the smoothness of
the PSD.

After determination of the complete PSD for each activated car-
bon, the pore series was approximated for three representative
pore size (8.9, 18.5 and 27.9 A). This approximation methodology
have been tested and successfully reproduced the monocomponent
and multicomponent isotherms of alkanes from C1 to C4 [12].

Table 2

Textural properties of the activated carbon from N2 isotherms.
Carbon sample Sger (M?/g) Vp (cm?/g) V. (cm?/g)
NORIT R1 688 0.621 0.31
WV1050 1615 1.03 0.76
MAXSORB 3250 1.65 135

2.6. Simulation details

The 12 -6 Lennard-Jones potential was used to describe the
fluid-fluid and solid-fluid interactions.

12 6
o o .q:
U (rij) =4 x eij X [<ﬂ> - <ru> ‘| + q;q.l (2)
ij ij ij

here, €;; is the well depth, oj; is the finite distance in which the
energy of interaction is zero and rj; is the distance between inter-
acting atoms i and j. In the second term, qi and qj are point charges
separated by the distance r;;. The force-field parameters for the dye
molecules were taken from Universal force-field [25]. Universal is a
purely diagonal, harmonic forcefield. Bond stretching is described
by a harmonic term, angle bending by a three-term Fourier cosine
expansion, and torsions and inversions by cosine-Fourier expan-
sion terms.

The electrostatic potential was calculated by Ewald method [26].
The atoms in the graphene sheet are treated with the Steele param-
eters, where € =0.055 kcal/mol and o =3.4A [27]. The cross terms
were obtained through typical arithmetic and geometric combina-
tion rules.

The carbon pore was first tested for size compatibility with the
dye molecule. Attempts to load molecules were done to each pore
size. If we succeed, the pore was loaded with increased number
of molecule using Monte Carlo algorithm in the canonical ensem-
ble (NVT) to obtain the dye maximum density inside the pore.
The NVT ensemble is the appropriated choice for conformational
searches [28]. The sorbate molecules are random inserted in the
simulation box until specified load has been reached. After that,
two moves are performed: rotation and translation, until the sys-
tem reach equilibrium. The Monte Carlo computations were done
in the sorption module of materials studio (Accelrys Inc.). Between
4 % 106 and 6 x 108 Monte Carlo steps were performed. Plots with
the minimized energies are presented in the Fig. S6 (Supporting
information). The potential cut-off distance was 15.5 A, and inter-
actions between two atoms separated by distances less than 0.4 A
were ignored. We also did tests with increasing LJ cut-offs, until
19.5A, obtained similar results.

3. Result and discussion
3.1. Textural properties and PSD

Fig. 2 shows the experimental isotherms of N, at 77K for the
three carbons that we analyzed.

Based on the N2 isotherms, we infer that all three samples of
activated carbons are different. The maximum adsorption of N2
decrease in the order Maxsorb >WV1050 > Norit R1. The area (Sggt),
volume total of pores (Vp) and micropores volumes (V,,) derived
from N2 isotherm are shown in Table 2. The sample of Norit R1 has
the lowest degree of activation and Maxsorb the highest degree of
activation.

By applying the N2 kernel of simulated isotherms [12], we
extracted the full PSD for the samples of Norit R1, WV1050 and
Maxsorb (Fig. 3). The pore volumes assigned to each representative
pore (8.9, 18.5 and 27.9 A) were mapped with different colors.
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AB25 (MW = 416.38 g/mol)

RR120 (MW = 1469.98 g/mol)

PRMX-5B (MW = 615 g/mol)

Fig.1. Geometric representation of the dye molecules. Legend: sulfur-yellow, carbon-gray, nitrogen-blue, oxygen-red, hydrogen-white and chlorine-green. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Also in the Fig. 3 are the percentages of the pore total volume
of each sample associated with each pore size range. Activated
carbon WV 1050 has the highest percentage of pores in the meso-
porous range (20-50 A) while the activated carbon Norit R1 has the
highest percentage in the micropores range (<20 A). The activated
carbon Maxsorb has a more balanced distribution of pores in both
micropore and mesopore ranges. Despite the activated carbon Max-
sorb have presented a volume of pores far superior to the others
activated carbons in the pore range from 8.9 to 18.5A, this vol-
ume would be even greater if a kernel with pores of one graphene
layer was used. Bhatia and Nguyen [29-31] demonstrated that coals
with higher surface areas also has a greater number of walls com-
prised of a single layer of graphene sheet, being described more
accurately with these pore models. In general, when mixed lay-
ers models is used, a shift to narrower pores in the carbon PSD
has been noted. A study of one layer wall impact on Maxsorb PSD
regarding to the other carbons presented, despite being relevant,
is beyond the scope of this study. We also highlight that the Max-
sorb PSD presented follows the standard calculation methodology
used by commercial gas sorption analyzers being consistent with
experimental data from literature [32-34].

3.2. Experimental isotherms

Adsorption isotherms (specific relative surface excess) for
RR120, PRMX-5B and AB25 on NORIT R1, MAXSORB and WV1050
activated carbon are shown in Fig. 4. The initial region of the
isotherm follows the Henry’s law for diluted dye concentration in
liquid phase—a linear behavior. In this initial region, the amount
adsorbed is very high for initial dye concentrations and the slope of
the isotherm increase very fast. However, the slope of the isotherm
decrease drastically as the dye concentration was increased reach-
ing saturation. This is a typical behavior of favorable adsorption
isotherm.

According to these results, the smallest dye AB25 presented the
higher adsorption capacity followed by PRMX-5B and finally for
RR120, the larger dye molecule.

3.3. Correlation between PSD and isotherms

When performing the compatibility test, we found that the dye
RR120 did not match the 8.9 A pore while the others dyes are com-
patible with this pore size. Although the RR120 dye be compatible
with the 18.5 and 27.9 A pores they rapidly reach saturation with
only 1 and 3 molecules/800 AZ, respectively. The PRMX-5B dye also
rapidly fill the 8.9 A pore (1 molecule/800 A2). From the NVT sim-
ulation data, we compute the simulated maximum amount of dye
in each pore, expressing this amount in mg of dye/volume of pore
in cm3 (Table 3). From the PSD, we know the volumes of the rep-

Table 3
Simulated maximum amount (gmax) of dye in each selected pore.
Pore size (A) AB25 mg/cm3 PRMX-5B mg/cm3 RR120 mg/cm3
8.9 388 286 zero
18.5 653 690 329
27.9 804 915 655
Table 4
Pore volume (V) correlated with characteristic pores for each activated carbon.
Pore size (A) Norit R1 WV1050 Maxsorb
pore volume pore volume pore volume
(cm3/g) (cm3/g) (cm3/g)
8.9 0.25 0.12 0.25
185 0.27 0.28 0.72
279 0.09 0.74 0.69
Table 5

Theoretical maximum dye capacity (Qmax) on each activated carbon. Unit: mg of
dye/g of activated carbon.

AB25 (mg/g) PRMX-5B (mg/g) RR120 (mg/g)
Norit
8.9A 97 71 0
185A 176 186 89
27.9A 72 82 59
Qmax 345 340 148
Exp. 118 85 31
WV1050
8.9A 46 34 0
185A 183 193 92
27.9A 595 677 485
Qmax 825 905 577
Exp. 191 142 33
Maxsorb
8.9A 97 71 0
18.5A 470 496 237
27.9A 555 631 452
Qmax 1123 1200 690
Exp. 288 162 35

resentative pore for each activated carbon expressed in cm3/gram
of the carbon (Table 4).

The theoretical maximum dye capacity (Qmax ) for each carbon is
determined by the sum of the products of the volume of each pore
(Vp) by the simulated maximum dye amount (gmax) in each pore
(Eq. (3) and Table 5).

N
Q max = ZVP” X gmaxp 3)

n=1

We also present in Table 5 the experimental maximum capacity
as determined by the batch essays. As expected, the experimental
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Fig. 2. Experimental N, isotherms and PSD for carbons Maxsorb (a), WV 1050 (b),
Norit R1 (c).

maximum capacity is lower than the theoretical estimate. The NVT
calculations did not consider any influence of the water, carbon
pore network or cations in the solution. Even though, the simplified
model still has correlation with the real system. For example, the
NVT calculation showed that the activated carbon WV1050 retain
almost two times the AB25 dye when comparing with Norit carbon.
Indeed, we found that WV1050 adsorbs experimentally 190 mg/g
and Norit adsorbs 118 mg/g.
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Fig.3. PSD of (a) WV1050, (c) Norit R1 and (d) Maxsorb activated carbons calculated
from the kernel of the N2 isotherms obtained at 77.4K [12]. The bars are colored
according to the volume represented by each representative pore size (red, 8.9A;
blue, 18.5 A; gray, 27.9 A). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Inorder to correlate the theoretical data from PSD and the exper-
imental results we will analyses each dye from the smallest (AB25)
to the largest (RR120).

3.3.1. AB25

Despite the higher values obtained by simulation, the ratio of
adsorbed amounts between the activated carbons are reasonably
maintained. The theoretical data showed that Maxsorb and WV
1050 retain respectively, 3 and 2.3 times more dye than the Norit
R1 carbon. Experimentally we found the ratio of adsorbed amount
as 2.5 and 1.6 for Maxsorb:Norit and WV 1050:Norit respectively.
Other experimental output that can be explained by PSD is the
remarkable difference in the isotherm slope of the activated car-
bon Norit. We observe in Table 4 that the pore volume in the 8.9A
range for Norit R1 is twice greater than that of the carbon WV 1050.
Norit also has the same pore volume in the 18.5 A range while the
carbon WV 1050 has greater pore volume in the 27.9 A range. Thus,
the dye AB25 is readily adsorbed on Norit R1 carbon, which explains
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Fig. 4. Experimental equilibrium isotherms of dyes (MAB25; ® PRMX5B; YRR120)
on carbons Maxsorb (A), WV 1050 (B), Norit R1 (C). The symbols and the error bars
have similar sizes.

the large slope of the isotherm. As the WV1050 carbon has greater
pore volume in the higher pore size range, its slope is smoother.

This reasoning is also valid to the Maxsorb isotherm. Maxsorb
and Norit R1 has the same amount of pores in the 8.9 A range, but
Maxsorb has far more volume in the others ranges. The Maxsorb
high volume in 18.5 and 27.9 A pore ranges also explain the record
amount of AB25 adsorbed by this carbon (288 mg/g).

3.3.2. PRMX-5B

This dye has a similar behavior to that of AB25 regarding the
maximum amounts retained. The theoretical ratio Maxsorb:Norit
and WV 1050:Norit were 3.5 and 2.6 while the experimental ratio
was 2.5 and 1.7 respectively. Again, the Norit isotherm has a greater
slope. Maxsorb adsorb 162 mg/g, a considerably higher amount, as
was predicted by the PSDs. Based on the molecular simulation data
of the selected pore, we expected that the carbons Norit, WV 1050
and Maxsorb had adsorbed similar amounts of AB25 and PRMX-
5B dyes, however, the carbons adsorbed approximately 30% less
(Maxsorb adsorbed 40% less). Our hypothesis to explain this result
is that PRMX-5B has two sulfonic acid groups while AB25 has only
one. Therefore, the PRMX-5B tendency to form dimers or trim-
mers is superior to that of AB25 [35]. Dimmers and trimmers are
prone to pore blockage and this would explain the decrease of the
amount adsorbed. It is noteworthy that the geometry of connection
between pore is not being considered, Pelekani and Snoeyink [9]
showed evidences that pore network also affects dye adsorption.

3.3.3. RR120

To this dye, we obtained the most surprising experimental
adsorption results. The dye RR120 batch essays showed that it
adsorbs almost the same quantities on all carbons analyzed (31,
33 and 35mg/g on Norit R1, WV1050 and Maxsorb respectively).
We expected that WV1050 and Maxsorb could adsorbed increased
amounts. Our conclusion is that these molecules do not actually
fill any pore range and adsorb only on the external surface of
the activated carbon. To test this possibility we check a carbon
from peach stones (Peach_0). In this carbon synthesis, the ground
peach stone was only pre-washed with a 10 wt% sulfuric acid solu-
tion and submitted to one step carbonization at 450°C under air
[36]. No chemical or physical activation was done. As a result we
obtain a low area carbon with only 288 m2/g, with a PSD present-
ing a low volume in the small pore range (Fig. S7). Experimental
batch adsorption essays performed in this sample gives maximum
adsorption of 30 mg/g (Fig. S8), the same adsorption amount of
Norit, WV1050 and Maxsorb, confirming that the dye RR120 only
adsorbs on the surface of our tested commercial carbons. The RR120
dye molecules also has a strong tendency to form dimers and possi-
ble trimmers and we can expect high probability of pore blockage.
The incompatibility between dye molecule and pore size indicates
that conventional activated carbons are not suitable for adsorption
of dye molecules in the RR120 size range.

4. Conclusions

We present an experimental collection of data between a range
of dyes sizes and well-known activated carbons suited to verify
the relationship between PSD and dye adsorption capacity. The
experimental data were combined with molecular modeling to help
interpreting the behavior of dye molecules in the activated carbon
samples emphasizing the importance of the PSD.

Smaller dye molecules as the AA25, has access to the full range of
pores found in conventional activated carbons. For these molecules,
the correlation between adsorption capacity and its PSD seem to be
independent of other factors such as geometry of interconnecting
pores or surface chemistry. For intermediate size molecules such as
PRMX-5B there is still a strong correlation with the PSDs but oth-
ers factors such as individual potential interaction between the dye
molecules have some influence. For bigger molecules with similar
size of the RR120 dye, the PSD is irrelevant to predict adsorption.
In this case, geometric factors and molecule-molecule interaction
should be take in account. Based on our results, the carbon PSD anal-
yses with the simplified selected pores and atomic level test with
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NVT ensemble, can be a useful tool to best match a dye molecule
with the available commercial activated carbons.
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