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Abstract- Calcium silicate precipitation tube (CaSPT), prepared through ‘silica garden’ route, was investigated as
Cr(III) adsorbate in aqueous medium. Batch adsorption studies were carried out with Cr(III) in the concentration range
of 50-300 mg 1-1 using CaSPT as adsorbent. Cr(III) loading on CaSPT was dependent on initial Cr(III) concentration.
Experimental adsorption data were modelled using Freundlich and Langmuir isotherm equations. Cr(III) loading
capacity of CaSPT was estimated at 290.2 mg g-1, which ranks high amongst efficient Cr(I1I) adsorbents. The adsorption
process is endothermic and spontaneous. Adsorption kinetics follow pseudo second order model with activation energy
(7.18KJ mol-1) typical for physisorption process. CaSPT was successfully tested with regard to Cr(III) removal on a real
life effluent sample collected from an electroplating industry.
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L INTRODUCTION

Gravity defying self-organized tubular structures developed through precipitation reaction of metal salt crystals with
aqueous sodium silicate is popularly known as “silica garden’’. “Chemical garden” or “silica garden” phenomenon
is known for more than at least three centuries and a number of metal ions have been reported to produce silicate
precipitation tubes[1-12] though applicability of this interesting class of compounds has remained less explored
except for aluminosilicate and as adsorbent [4,10-12].

Calcium silicate precipitation tube (CaSPT) prepared through ‘silica garden’ route exhibits adsorption potential for
heavy metal ions through typical surface properties, namely, surface area, porosity, pore volume, isoelectric point
and surface charge. CaSPT was studied as multi ion adsorbent in aqueous medium. [13].

Chromium is such type of pollutant that enters the air, water and soil in the chromium(IIT) and chromium(VI) form
through natural processes and human activities both. The main human activities that increase the concentrations of
chromium(III) are steal, leather, electroplating, and textile manufacturing[ 14]. Chromium(III) is an essential element
for humans and shortages may cause heart conditions, disruptions of metabolisms and diabetes. But the uptake of
too much chromium(IIl) can cause health effects as well, for instances skin rashes. NIOSH, ACGIH, and OSHA has
established a recommended exposure limit for chromium(IIT) of 0.5 mg m™. [15].

This communication reports detailed investigation on Cr(IlI) adsorption on CaSPT in aqueous medium along with
kinetics thermodynamics and real water sample. The objective of this study was to establish adsorption as a new
application area for chemical garden compounds.

II. MATERIALS AND METHODS
2.1 Adsorbent [CaSPT]
Calcium silicate precipitation tube (CaSPT) synthesized through ‘silica garden’ route was used as an adsorbent for

the removal of chromiun(III) from aqueous solution.

2.2 Adsorbate [Cr(IIl)]
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AR grade Cr(NO;);.9H,0, was used for making Cr(III) solutions. Solutions were prepared from 1000 mg 1" stock
solution through serial dilution as appropriate. 18 MQ ASTM Grade 1 water was used for making the solutions.

2.3 Instrumentation

Scanning Electron Microscopy (Hitachi 3400N) was used for microstructure analysis. Atomic absorption
spectrometer (GBC AVANTA), equipped with an air acetylene burner was used to determine the concentration of
Cr(III) ions in aqueous solution.

2.4 Adsorption experiments

All adsorption experiments were carried out in batches. 50 ml of chromium solution of desired strength (initial
concentration, Cy), pH and a known weight (m) of the powdered CaSPT were taken in a stoppered conical flask and
shaken in a horizontal shaker for adsorbate-adsorbent contact.

For kinetic study contact time was varied from 5 -180 min. at different temperature while for other experiments it
was 60 min. Further increase in contact time has no significant effect on percentage adsorption. After shaking,
contents of the conical flask were allowed to settle for 30 min., filtered and the filtrate was analyzed for Cr(III) (final
concentration, C.). Cr(Ill) trapped on the CaSPT surface was calculated by subtraction (Cy-C,). All experiments
were carried out at room temperature (27°C).

Adsorption/desorption envelope of Cr(Ill) on CaSPT surface was developed in the pH range of 2-8. Dilute NaOH
and HCI were used for making pH adjustments. For adsorption, process described above was followed in the pH
range of 2-8. For desorption, Cr(III) was adsorbed over CaSPT without any pH adjustment for 60 min. This was
followed by pH adjustment of the mixture in the range 2-8, another contact session of 60 min. in the horizontal
shaker, settling for 30 min., filtration and analysis of the filtrate for final ion concentration (C.). Amount of metal
ion trapped on the CaSPT surface after desorption was calculated by subtraction (Cy-C,).

III. RESULTS AND DISCUSSION

3.1 Characterization of CaSPT

Details on synthesis, characterization and surface property of CaSPT may be found elsewhere [13]. Figs. 1a, b and ¢
show the synthesized CoSPT, scanning electron micrograph and Transmission electron micrograph of ‘as grown’
CaSPT. These tubes were finely crushed before using as adsorbent.

Fig.1. (a) CaSPT grown in the laboratory, (b) SEM image of ‘as grown’ CaSPT,
(c) TEM image of crushed particle of CaSPT at higher magnification.

3.2 Effect of pH on adsorption/desorption

Adsorption-desorption hysteresis of Cr(III) on CaSPT surface has been shown in Fig.2 in the pH range of 2-8,
experimental details for which have been described in section 2.4. One may observe in Fig.2 that almost 100%
adsorption could be achieved at pH 6, while at pH 2 there was no adsorption. This hysteresis clearly identifies that
pH 4-7 is the region in which Cr(III) desorption from CaSPT surface is likely to occur.
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Fig.2. Adsorption-desorption hysteresis of Cr(III) on CaSPT.

3.3 Adsorption isotherm
Experimental adsorption data were modeled with commonly used Langmuir and Freundlich isotherms, expressions
for which have been shown below.

Langmuir equation:

BVmcC,
- 1
9= = T+nc, W
Freundlich equation:
9e = Ky .G, Y (2)

Where C, is the Cr(III) concentration at equilibrium (mg 1), ¢. is the Cr(III) adsorbed per unit weight of CaSPT at
equilibrium (mgg™'), V, is the Langmuir monolayer coverage (mgg '), » (L mg ') is Langmuir parameter
representing adsorption bond energy, Krand n are Freundlich parameters.

b, V., K¢ and n were determined through linearization of equations 1 and 2 as well as through optimization using
MS-Excel-SOLVER programme. Langmuir and Freundlich parameters determined through both the techniques have
been listed in Table 1 along with goodness of fit (R?) in each case. Goodness of fit (R?) indicates agreement between
[delexp @and [qelca using the corresponding isotherm parameters.

Table 1. Freundlich and Langmuir isotherm constants for Cr(III) adsorption on CaSPT.

Langmuir Freundlich
b Vi R? n K¢ R’
ml mg! mg g! mg g’
Solver 0.026 3333 0.99 2.82 36.3 0.95
Linearization 0.021 290.2 0.98 3.02 40.4 0.93

It appears from Table 1 that isotherm data fit in both Langmuir models and Freundlich models using direct
optimization (SOLVER) as well as linearization techniques. However between the two Langmuir fit was
consistently better than Freundlich. The Langmuir and Freundlich isotherm plots obtained through SOLVER
programme have been shown in Fig. 3.
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Fig.3. Langmuir & Freundlich isotherm plot of Cr(IlI) adsorption on CaSPT
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Cr(I1I) loading capacity of CaSPT as returned by Langmuir model is 290.2 mg g which is placed in the top
category of high Cr(IIT) loading adsorbents. Table 2 lists loading capacities of a number of Cr(III) adsorbents for
comparison[14-18].

Table2. Comparison of Cr(Ill) loading capacity of CaSPT with some high loading adsorbents.

Adsorbent Adsorption Loading capacity References
mg g
Meranti sawdust 37.88 [14]
Chabazite-phillipsite 0.25 [15]
Clinoptilolite 2.4 [16]
Blast furnace sludge 9.6 [17]
Peanut husk 7.67 [18]
CaSPT 290.2 Present work

The essential characteristic of Langmuir can be expressed in terms of dimensionless separation factor R; which is

defined as,
1
Afi=———"""-"—-—- 3
L™ 1 45, (3)

b and C, have been defined before. The R; value between zero and one indicate favourable adsorption[20]. Our
results were found to be values between zero and one in the concentration range of 50 - 300 mg 1" for all
concentrations. It is apparent from Table 3 that Cr(III) adsorption on CaSPT is a favourable process that moves
towards irreversibility as the initial Cr(III) concentration is increased.

Table 3. RL values obtained for of Cr(III) adsorption on CaSPT using ‘b’ values estimated with SOLVER.

Initial Cr(III) concn., C, Ry

mg 1!

48.9 0.628
101 0.414
147 0.304
199 0.234
251 0.190
301 0.160

3.4 Adsorption kinetics
Adsorption kinetics of Cr(IIT) on CaSPT surface was studied at different temperature, experimental details of which

have been described in section 2.4. Lagergren first order [19] and pseudo second order [20] rate equations as shown
below were employed for interpreting the kinetic data. All kinetic experiments were carried out using 50 ml of 50.2
mg 1" Cr(Ill) solution and 0.01 g CaSPT .

Lagergren’s first order rate equation:
ke

log (g —ge)=loggu—gomt—————————— 4)
Pseudo second order rate equation:
t 1 L
— = +--—————————— (5}
G Kpgl Gu
Where,
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g = Cr(I1I) adsorbed per unit weight of CaSPT at equilibrium (t=c0),

q: = Cr(IIl) adsorbed per unit weight of CaSPT at time t,

k;, = First order specific rate constant,

kp = Pseudo second order specific rate constant.

Specific rate constants k; and k;, calculated from experimental data by linear regression have been listed in Table 4
along with correlation coefficient. It is apparent from Table 4 that kinetic data fit is better with pseudo second order
model. Specific rate constants calculated at four different temperatures were further used to calculate activation
energy (E,) of the adsorption process from Arrhenius equation,

k= Ae ~EoRT (6)

Calculated E, values for both first order and pseudo second order rate equations have also been listed in Table 4,
which indicate that Cr(III) adsorption on CaSPT is essentially a physisorption process. Typical activation energy
range of a physisorption process is 5-40 KJ mol ' while in the case of chemisorption it is 40-800KJmol ' [21].

Table 4.Specific rate constants kL, kP, activation energy (Ea) of Cr (III) adsorption on CaSPT at different temperatures.

Temp. Lagergren first order Pseudo second order
(K) ky R’ E, k, <10 R? E,
min’' KJ mol g mg 'min’! KJ mol
298 0.0207 0.93 25.6 0.11 0.94 7.18
303 0.0230 0.92 0.08 0.94
313 0.0284 0.91 0.06 0.96
323 0.0345 0.88 0.05 0.98

3.5 Adsorption thermodynamics
Cr(III) adsorption thermodynamics on CaSPT was studied following published methodology[22]. Cr(III) adsorption
on CaSPT is a surface phenomenon and may be expressed by the following reaction,

CaSPTys) + Cr{lII) ¢ CaSPTeg — Cr{lll) - )
In equation 7, under condition of equilibrium,
ky.Qcrim = K2.05 (®)
Or,
Ky _ g
Rz acramy ©)

Where k; and k, are the forward and backward specific rate constants respectively, ac.qmy is the activity of Cr(IIl) in
the solution and a, is the activity of Cr(III) in the =~ CaSPT ) — Cr(III) surface complex.

Equation 6 may be written as,

| fe.Cg)
K, o= —0=5 10
¢ (forgm Coram) (10)

Where,
f; and f.qn are the activity coefficients of Cr(Ill) in the surface complex and solution respectively. Cs is the
concentration of Cr(III) in the complex (mg g') and Ccram 1s the equilibrium concentration of Cr(III) in solution(mg
1", and K, is the equilibrium constant.
Assuming fqn close to unity in the experimental concentration range, thus equation 7 reduces to an expression for
the equilibrium constant K, for a given condition, as shown below.
lime _of, — 1K, =—=
e "¢ Geran
Thus extrapolating C; to zero in the plot of log (Cy/Ccany) With Cgintercept should provide an estimate of K.
K. is related to standard heat of reaction (AH®) and entropy (AS°) by the following equation,
AH®
InK_= — —]+
RT R
A linear plot of InK, with 1/T enabled calculation of AH® and AS°® from the slope and intercept respectively which
were further utilized for calculating AG® at three temperatures using equation 14.
AG® = AH°- TAS® (13)
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Table 5. Calculated AG°, AH® and AS° of Cr(I1I) adsorption on CaSPT.

AH° AS° AG®
KJ mol™ KJ mol! KJ mol™
16.004 0.077 298K 303 K 313K 323K
-6.644 -7.024 -7.784 -8.544

Table 5 lists different thermodynamic parameters calculated from equations (7-13). Shifting of AG® value further in
the negative scale with increase in temperature confirms facilitation of the adsorption process. Positive AH°
reconfirms endothermicity of the adsorption process.

3.6. Effluent treatment

The synthesized CaSPT was used in real life situation to remove Cr(IlI) from the effluent of local electroplating
industry. The Cr(IIl) concentration in effluent was found to be 50.31 mg 1"

and pH of the effluent was found to be 2.5. Table 6 shows the result of adsorption study at different pH using
CaSPT. Adsorbent dose was taken as 0.2g "', pH of the effluent was adjusted using dilute HCl or NaOH. It was
observed from Table 6 that approximately 80% of Cr(III) could be removed from the effluent of electroplating
industry at pH 5.8 using CaSPT. The other contaminants removed by the adsorbent CaSPT are also shown in Table
6. It is reported earlier that CaSPT is multi-ion adsorbent[14].

Table 6. Treatment of the effluent of electroplating industry using CaSPT as an adsorbent

Radical pH2.5 pH 4.5 pH 5.8

mg 1! Before After Before After Before After
adsorption adsorption adsorption adsorption adsorption adsorption

Cr (IIT) 50.31 46.2 50.31 38.8 50.31 9.88

Zn(II) 11.31 10.27 11.28 7.5 11.65 3.5

Cu(Il) 0.11 0.01 0.11 n.f 0.11 n.f

IV. CONCLUSION

The results obtained in this study shows that the calcium silicate precipitation tube (CaSPT) is an potential adsorbent
for the removal of Cr(III) metal ion from aqueous solution. The amount of Cr(Ill) ion adsorbed into the CaSPT
decreased with an increase in concentration. The loading capacity was found to be 290.2 mg g-1.

Cr(III) — CaSPT adsorption kinetics follow pseudo second order rate equation and the activation energy(7.8 KJ mol-
1) indicates a physisorption process. Cr(III) — CaSPT adsorption process is spontaneous and endothermic. The
synthesized adsorbent was successfully applied for the effluent treatment of electroplating industry and it was also a
potential adsorbent for Zn, and Cu. The study underscores a new application area of calcium silicate precipitation
tubes as adsorbents in aqueous medium.

REFERENCES

[1] R.D. Coatman, N. L. Thomas, D.D Double, “Studies of the growth of “silicate gardens” and related phenomena”, J. Mater. Sci. (1980)
2017-2026.

[2] C. Collins, W. Zhou, A. L. Mackay, J. Klinowski, “The 'silica garden': a hierarcharial nanostructure”, Chem Phys Lett. 286 (1998) 88-92.

[3] D.E.H. Jones, U. Walter, “The "Silicate Garden Reaction in Microgravity: A Fluid Interfacial Instability”, J Colloid Interf Sci. 203 (1998)
286-293.

[4] C. Collins, R. Mokaya, J. Klinowski, “NMR and ESCA studies of the "silica garden” bronsted acid catalyst”, Phys. Chem. Chem. Phys. 1
(1999) 3685-3687.

[5] D. Balkose, F. Ozkan, U. Kokturk, S. Ulutan, S. Ulku, G Nisli, “Characterization of Hollow Chemical Garden Fibres from Metal Salts and
Water Glass”, J Sol-Gel Sci Technol. 23 (2002) 253-263.

[6] J.H.E Cartwright, J. M Garcia-Ruiz, M. L Novell, F. Otalora. “Formation of Chemical Gardens”. J Colloid Interf Sci, 256 (2002) 351-359.

[71 J J Pagano, S Thouvenel-Romans, and O Steinbock, “Compositional analysis of copper—silica precipitation tubes”, Physical Chemistry
Chemical Physics; 9(2007b) 2610— 2615.

[8] J.J. Pagano, T. Bansagi, O. Steinbock,” Bubble-templated and flow controlled synthesis of macroscopic silica tubes supporting zinc oxide
nanostructures”, Angew. Chem., Int. Ed. 47 (2008) 9900-9903.

Volume 15 Issue 4 January 2021 6 ISSN: 2319-6319



International Journal of New Innovations in Engineering and Technology

[9] K. Parmar, H.T. Chaturvedi, Md.W. Akhtar, S. Chakravarty, S.K. Das, A.K. Pramanik, M. Ghosh, A.K. Panda, N.R. Bandyopadhya, S.
Bhattacharjee, “Characterization of cobalt silicate precipitation tube synthesized through “silica garden” route”, Mater. Charact. 60 (2009)
863-868.

[10] J H E Cartwright, B Escribano, S Khokhlov and C I Sainz-Diaz, “Chemical gardens from silicates and cations of group 2: a comparative
study of composition, morphology and microstructure,” Physical Chemistry Chemical Physics; 13 (2011a)1030-1036.

[11] K. Parmar, A. K. Pramanik, N. R. Bandyopadhya and S. Bhattacharjee, “Synthesis and characterization of Fe(Ill)-silicate precipitation
tubes”, Mater Res Bull. 45 (2010) 1283—1287.

[12] K. Parmar, D. Chongder, N.R. Bandyopadhya, S. Bhattacharjee, “Investigation on Cu(Il) adsorption on cobalt silicate precipitation tube
(CSPT) in aqueous medium”, J. Hazard. Mater, 185 (2011) 1326—1331.

[13] K. Parmar, N. R. Bandyopadhya, D. Chongder, and S. Bhattacharjee, “Detailed characterization of calcium silicate precipitation tube
(CaSPT) as a multi- cation adsorbent in aqueous medium”, Mater Res Bull. 47 (2012) 677-682.

[14] M. Rafatullah, O. Sulaiman, R. Hashim, A. Ahmad, “Adsorption of copper (1), chromium (III), nickel (II) and lead (II) ions from aqueous
solutions by meranti sawdust”, J. Hazard. Mater. 170 (2009) 969-977.

[15] K.M. Ibrahim, T. NasserEd-Deen and H. Khoury, “Use of natural chabazite-phillipsite tuff in wastewater treatment from electroplating
factories in Jordan”, Environ. Geol. 41 (2002) 547-551.

[16] S.K. Ouki, M. Kavannagh, “Treatment of metals-contaminated wastewaters by use of natural zeolites”, Water Sci. Technol. 39 (1999) 115—
122.

[17] A. Lopez-Delgado, C. Perez and F.A. Lopez, “Sorption of heavy metals on blast furnace sludge”, Water Res. 32 (1998) 989-996.

[18] Q. Li, J. Zhai,W. Zhang, M.Wang, J. Zhou, “Kinetic studies of adsorption of Pb(II),Cr(IlI) and Cu(ll) from aqueous solution by sawdust
and modified peanut husk”, J. Hazard. Mater. 141 (2007) 163—167.

[19] S. Lagergren, “About the theory of so-called adsorption of soluble substances”, K.Sven. Vetenskapsakad. Handl. Band 24 (1898) 1-39.

[20] Y.S. Ho, G. McKay, “The kinetics of sorption of divalent metal ions onto sphagnum moss peat”, Water Res. 34 (2000) 735-742.

[21] H. Nollet, M. Roels, P. Lutgen, P.V. Meeren, P. Verstraete, “Removal of PCBs from wastewater using fly ash”, Chemosphere, pp. 655-665,
53 (2003).

[22] R. Qadeer, “Kinetic study of Erbium Ion adsorption on Activated Charcoal from Aqueous Solutions”,

Adsorption,pp. 51-55, 11(2005).

Volume 15 Issue 4 January 2021 7 ISSN: 2319-6319



