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Abstract

Composition and morphology of micro-sized ammoniphosphomolybdate
(APM) particles synthesized under ambient condgiasas established using powder X-
ray diffraction, fourier transform infrared spedcopy, thermogravimetric analysis and
scanning electron microscopy. Further, the abditAPM particles to remove dye from
dye-contaminated water was monitored with respechdture of incident radiation,
concentration, pH and nature of dye. APM could a@ffely remove cationic dyes from
water as long as the pH range permitted the dyetton its cationic behaviour. This
specificity suggested that the removal of dye-staffuld be attributed to ion-exchange
between ammonium ions in APM with cationic dye nmieee APM could be reused
several times without affecting its efficiency. Raral efficiency of 94.6% could be
retained upto 1B cycle and sensitivity to pH enabled APM to revetie cation
exchange process. The ion-exchange process wagepehdent on exposure of APM
particles to irradiation which confirmed that theode of action of APM was not

photocatalytic in nature.
Keywords. Ammonium phosphomolybdate, cationic dyes, pH,egnhange.
1. Introduction

Rapid industrialization and increase in populatidensity has resulted in severe
contamination of water resources. In particulartewgollution caused by dyes has
become a serious threat due to its high toxicity stability to resist degradation even
under extreme conditions. Extensive research dwvepast few decades has resulted in
various dye removal techniques that depend on palysthemical and biological

processes [1-3]. Among these, the techniques #igtan adsorption of dyes have a



major advantage over the other techniques that arlylegradation of dyes because
potentially hazardous secondary metabolites cam ladsgenerated during degradation
of dyes [4]. Conventionally adsorbents such asvat#d carbon [5]bio-waste [6],
zeolites [7]and clay materials [8)ave been used to treat dye-contaminated water but
they suffer from low adsorption capacity and pagestivity. Therefore, there has been
a constant effort in developing new materials teat effectively remove dye moieties
from water

For the past few years, our group has been invoinetthe synthesis of porous and
functionalized phosphomolybdate (PMO) cluster basadids [9-11]. Owing to
structural features such as large surface areasipprtuneable shape and size; these
solids have been explored for potential applicaiaom areas of catalysis, electrical
conductivity, luminescence, magnetism, non-lineptics and as anti-tumour agents
[12-15]. Among these, ammonium phosphomolybdate MAP
(NH4)3{PM012040}.xH,0 is a versatile PMO cluster based sohthiich was first
synthesized by Berzelius in 1826 [16]. Althouglhals been used as electrode material,
catalyst and adsorbent [17-19]; the ion-exchandeder of APM for the removal of
dye-stuffs from water has not been reported solfaerefore, in the present study, four
dyesviz. Methylene Blue, Eosin Y, Malachite Green and MetRgll were selected and
their solution was treated with APM. The removaldyke-stuffs was monitored with
respect to the change in intensity of its absorbgreak using UV-Visible spectroscopy.
Effect of variables such as nature, concentratiod pH of dye-stuffs was further
investigated and a plausible mechanism for theoaati APM on dye-stuffs has been
proposed.

2. Experimental



2.1. Synthesis of ammonium phosphomolybdate

All reagents were of reagent grade and were usedcasved from commercial sources
without further purification. Initially, two solubhs were prepared. Solution A was
prepared by mixing 11.05 g of ammonium heptamolyded@NH;)sMo07024- 4H,0 with
15 mL of ammonia solution and 10 mL of distilledtara The solution was boiled and
made upto 250 mL. Secondly, 40 mL of 0.067 M soltiof NagHPO,-12H,0O
(disodium hydrogen phosphate dodecahydrate) wasdnidth 20 mL of conc. HN®
and was labelled as solution B. Subsequently 100aiSolution A was added to
Solution B and stirred for 10 minutes. The resulswiution was kept undisturbed for
18 hours and the precipitate formed was alloweskettle down. Finally, it was filtered
and the canary yellow precipitate of APM thus afedi was washed with water and air-
dried.

2.2. Synthesis of dye solutions

10* M stock solutions of Methylene Blue (MB), Eosin EY), Malachite Green (MG)
and Methyl Red (MR) were prepared by dissolvingridef amount of dye in distilled
water. The stock solutions were further diluted® M for the present study.

2.3. Treatment of dye-contaminated water

MB, EY, MG and MR show absorbance peak between@&Dnm, 500-550 nm, 600-
650 nm and 500-550 nm respectively [20-23]. Inia®5 mL of 10° M MB solution
was taken and its pH was adjusted to 5.0+0.1 usMdiCI. Subsequently, 0.125 g of
APM was added to it and the mixture was kept ustieting for 5 minutes. Thereafter
it was left undisturbed for 1 hour. Finally, the M#lution was centrifuged and the
filtrate was analyzed using UV-Visible spectroscopiie absence of absorbance peak

at Amax = 660 nm indicated that MB had been removed frbensolution. Based on the



result obtained (discussed later), the effect ofous factors such as contact time, pH,
nature of dye and amount of APM was further ingzgad.

3. Characterization

3.1. Characterization of APM particles

Fourier transform infrared (FTIR) spectrum was rded on KBr pellets using
Shimadzu FTIR spectrophotometer (model: IR Affihitefore recording the FTIR
spectrum, the sample was heated at 120°C for 1. hidwermogravimetric analysis
(TGA) was done on Perkin-Elmer TGA7 from room tenapare to 708C at a heating
rate of 16C/min in nitrogen atmosphere to determine watetaurand overall thermal
stability of the product. Scanning electron micogsc studies (SEM) were carried out on
as-synthesized APM powder mounted on carbon tapg &€&l FESEM Quanta 200 at an
accelerating voltage of 10 kV. Powder X-ray diffran (PXRD) data was collected on a
Malvern Panalytical Aeris diffractometer using Ntdred Cu Ku radiation. Data was
collected with a step size of 0.02° and count toh2 s per step over the range 5° & 2
< 60°. Nitrogen adsorption and desorption (BELSQRiRF Il machine, BEL Japan
Inc., Japan) was employed to characterize and medka pore volume. Before the
nitrogen adsorption-desorption measurement, thelsawas thoroughly dried at 150°C
under vacuum for two hours.

3.2. Removal of dye-stuffsfrom contaminated water

The removal of dye-stuffs was monitored with resgeachange in the intensity of the
absorbance peaks using UV-Visible spectroscopyn{&tru UV-Visible 1800 double
beam spectrophotometer).

The dye removal efficiency of APM was calculated by

Removal efficiency (%) = (&C¢) x 100
G



where, Gand Gconcentration of dye before and after the treatmatht APM [24].
4. Results and Discussion
4.1. Characterization of APM particles
The PXRD pattern of APM particles was found to rhatell with JCPDS file no. 43-
0315 indicating the formation of single-phasic @ulfNH,)3PMo0;,040.xH2O having
lattice constanta = 11.67 A (Figure 1a). FTIR spectrum (Figure 1bpwed the
presence of bands in the region 1100-700" evhich are characteristic of Keggin type
heteropoly anions [25]. The spectrum also showed FY'IR bands at 1067, 964, 869
and 788 ci that could be attributed to P-O and Mo-O stretghispectively. Bands at
3212 and 1407 cthwere assigned as N-H stretching and N-H bendispetively due
to the absorption of NH ions [26].
The morphology and dimension of APM particles wharacterized by SEM. SEM
image of APM showed the formation of agglomeratadigles having plane faces with
diameter 4.5-@m (Figure 1c). Figure 1d shows the TGA thermograotained by
heating as-synthesized APM, (MsPMo:040xH,O at 10C/min from room
temperature to 700°C. Two weight loss steps wesemied. The initial weight loss of
~5.4% upto 120°C could be attributed to the dehyainaof the as-synthesized APM,
(NH4)3PMo0;12040XH20 wherein x was found to be 6. The value was indgagreement
with theoretical value (5.44%) for weight loss @sponding to six molecules of water
of crystallization.

(NH4)3PM0120406H0 — (NHg)3PM012040 + 6H:0 ... (1)
The second weight loss of ~4.1% between 120-500tiated the decomposition of
the Keggin anion and the evolution of constitutiowater together with ammonia gas

according to



(NH4)3PM0;12040— 3NH; + 3/2 HO + %2 BOs + 12 MoQ ... (2)

The second weight loss (4.1%) was also found tanbgood agreement with the
theoretical value (4.15%) and the values reporéeliee in literature [27-29].

4.2. Treatment of dye contaminated water

4.2.1. Effect of nature of light

Initially, 25 mL each of 1M Methylene Blue (MB) dye solution having pH = 5@%
was taken in three beakers. 0.125 g of APM was cddecach of the beakers; the
solutions were stirred for 5 minutes and kept undied for 1 hour under the following
conditions:

) The first beaker was kept in dark.

II) The second beaker was kept in sunlight.

[1) The third beaker was kept under UV light.

The above solutions were centrifuged after 1 hodrfdtered. The filtrate was analyzed
using UV-Visible spectroscopy. The absence of dimwe peak akmax = 660 nm
indicated that MB had been removed from each oflibakers (Figure 2, also refer
Table S1, supporting informationjhe maximum dye removal efficiency of APM was
found to be 94.6%. It was also observed that theucof APM collected from beakers
kept in dark, sunlight and UV light had changedrirgellow to green after treatment
with MB solution. A comparison of PXRD pattern oPM before and after treatment
with MB solution confirmed that there were no stural changes in APM upon
treatment with MB (Figure S1). The above experimeab indicated that the mode of
action of APM was not photocatalytic in nature

4.2.2. Effect of contact time



25 mL each of 1®M MB dye solution having pH = 5.0+0.1 was takerfiire beakers.
0.125 g of APM was added to each of the beakerstt@dolutions were stirred for 5
minutes. The solutions were left undisturbed andtrdaged after different time
intervals (0, 15, 30, 45 and 60 minutes). Subseatyyehe filtrate from each beaker was
monitored using UV-Visible spectroscopy (Figure Bjom Figure 3 it is evident that
the removal of MB (removal efficiency = 94.6%) takplace instantaneously i.e. as
soon as the dye comes in contact with APM (alserr€éble S2).

4.2.3. Effect of amount of APM

25 mL each of 1®8M MB dye solution having pH = 5.0+0.1 was takerfiire beakers
and a definite amount of APM was added to eactheflieakers. The solutions were
stirred for 5 minutes and centrifuged. From UV-iWls spectroscopy (Figure 4) it was
evident that the maximum removal efficiency (i.el.826) was obtained within 5
minutes of stirring when 25 mL of POV MB dye solution was treated with 0.125 g of
APM.

4.2.4. Effect of nature of dye

In order to investigate the nature of dye, foufeddént dyesiz. MB, EY, MG and MR
were selected. 25 mL of 20 solution of each dye (having pH = 5.0+0.1) wasated
with 0.125 g of APM. The solutions were stirred ominutes and centrifuged. In all
the cases, the filtrate was analyzed using UV-Vasibpectroscopy. The spectra
indicated that MB, MR and MG had been removed fay®a-contaminated water upon
treatment with APM. The absence of absorbance peakeen 650-700 nm, 500-550
nm and 600-650 nm respectively confirmed the rerhofadye-stuffs from water

(Figure 5). However, in the case of EY there was significant change in the



absorbance peak before and after treatment with AHM result suggested that APM
was effective only for the removal of cationic dyesm water.

4.2.5. Influence of pH

25 mL each of 1®8M MR, MG and MB solution was taken and its pH wakuated
between 1.0+0.1 to 6+0.1 using 1M HCI. The resultye solutions were treated with
0.125 g of APM. The investigations revealed thatvVAEould effectively remove MB
and MG from dye-contaminated water in the pH rabge This could be attributed to
the catioinic nature of MB and MG in the pH rag®é IFigure S2). However, APM
could not remove MR from solution at pH above S(ffe 6). A preview of literature
suggested that MR exists as anionic dye at pH alBoy21]. A similar result was
obtained in the case of EY. EY exists either as@atnal or an anionic dye in the pH
range 1-6 [22]. Therefore, there was no signifiedr@nge in its absorbance peak before
and after treatment with APM. The results suggested perhaps ion-exchange of
ammonium ions in APM with cationic dye moietiesrésponsible for the removal of
dye-stuffs.

4.2.6. Reusability of APM

The reusability of APM for the removal of MB wasadyred for 20 cycles using 25 mL
of 10° M dye solution having pH = 5.0+0.1. In the firstcts;, 0.125 g of APM was
added to MB solution, stirred for 5 minutes andterged. APM thus obtained was
air-dried and subsequently treated with 25 mL of 30 dye solution having pH =
5.0+0.1 and this process was repeated for 20 cy€les removal of MB was observed
upto 16" cycles (Table S3) wherein 94.6% removal efficiem@s achieved. However,
the contact time required to remove MB from dyetaarinated water increased with

subsequent number of cycles. While only 5 minutiestioring was required upto™



cycle, 10 minutes of stirring was required upt® &cle to achieve the removal
efficiency of 94.6%. Therefore, the time of stigiwas gradually increased 5 minutes
per four cycles.

4.2.7. Adsorption capacity of APM

The adsorption/desorption isotherm of APM, resesildleat of Brunauer's Type |
isotherm, that is the characteristic for microparadsorbents (Figure 7) [30]. The
microporosity was confirmed from the mean pore ditenof 1.8158 nm obtained from
BET plot. Further, the total pore volume of APM wesdimated to confirm whether dye
moieties could be adsorbed in the micro pores oMAR was observed that pore
volume had reduced from 8.013 x ™€ 3.0306 x 18 cm’/g after APM had been
treated with MB solutions for 16 cycles. The deseean total pore volume confirmed
the presence of MB moieties in the micropores olMARefer Table 1 for textural
parameters of APM before and after the treatmediefstuffs).

4.3. Mechanism

Based on the above observations it was evidentthieapresence of NHions in APM
facilitates ion-exchange between NHons and cationic dye moieties. A preview of
literature suggests that APM is an excellent adsadrbnd it can adsorb metal ions such
as C§, K*, Na', Srf*, Bi*" etc. via ion-exchange between Nfibns and metal ions [31-
34]. Therefore, a similar mechanism has been pexpbsrein. The removal of cationic
dye-stuffs may be visualized as an ion-exchangegs® between NA ions and
cationic dye moieties. This was confirmed by cormpathe PXRD pattern of APM
obtained after 16 cycles of treatment with MB WRIXRD pattern of as-synthesized
APM particles (Figure S3). The PXRD pattern indéchthat APM does not undergo

any structural changes upon treatment with MB hthar it facilitates an ion-exchange

10



between NH' ions and cationic dye moieties. It is noteworthgttthe sensitivity to pH
enabled APM to reverse the cation exchange process.

APM is stable only in acidic medium (p&l6) [35]. At pH > 6, it disintegrates into its
soluble molecular precursors i.e. NH{PO,}* and {Mo0,}“ ions [36]. Therefore, the
present investigation was carried out at pH6. At pH = 1-6, cationic dyes readily
replace NH' ions in APM to form (DyePMo;2040. Interestingly, the ion-exchanged
dye moieties could be regenerated in solution whieM was treated with 10 ml of 1M
NH4CI and 0.5 ml of NH (Figure 8). However, the addition of NWEI/NH3 solution
increased the pH of the medium (pH > 7) and twecauies were observed:

(@) In the case of MR, at pH > 7 a clear yellowusoh (V, refer Figure 8a) was
observed due to disintegration of APM and changeoior of MR into yellow. Upon
adjusting the pH of the solutiovi using 1M HCl i.e. at pH = 5-6, APM and MR could
be regenerated and separated by centrifugatiofilaration.

(b) In the case of MB and MG, at pH > 7 (Dy@W 0,040 disintegrates into its soluble
molecular precursors i.e. Dye, {23 and {Mo0,}* moieties resulting in a clear blue
solutionV (refer Figure 8b). However, upon addition of 1M IH@H of the solution
was adjusted between 1-6 wherein APM and dye coodd regenerated as
(Dye)sPM0,20yi.€. residud V.

5. Conclusions

Micro-sized ammonium phosphomolybdate, @H¥RM0:,0406H,O particles were
synthesized under ambient conditions and charaetkériAPM was found to be an
effective medium for the removal of cationic dyasacidic medium. While Methylene
Blue and Malachite Green could be eliminated frora-dontaminated water in the pH

range 1-6; Methyl Red could be removed only in g range 1-5. Dye removal

11



efficiency as high as 94.6% was achieved uponitgat0®> M MB solution (pH =
5.0+0.1) with APM. APM could be successfully re-tisgto 16 cycles. The removal of
dye-stuffs from contaminated water could be atteduto ion-exchange between
ammonium ions in APM with cationic dye moieties.eTton-exchange process was
found to be reversible which enabled APM and dyeetes to be regenerated in
solution.
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Table 1. Textural parameters of APM before (1) and after (1) the treatment of dye-stuffs.

No. | Textural parameter I 1

Tota pore volume (p/p°=0.990) [cm/g] | 8.0131 x 10 | 3.0306 x 10

N R

Surface area (BET) [m?/g] 1.7652 x 10° | 44512
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Figure 1. (a) Indexed PXRD pattern (b) FTIR spectrum (c) SigMge and (d) TGA curve

of as-synthesized APM particles.
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Figure 2. Figure showing UV-Visible spectra of (i) originablution of Methylene Blue
(MB) having pH = 5.0£0.1 and (ii) MB solution olht&id after treatment with APM followed
by exposure to dark, sun light or UV for 1 hourglties in the inset represent the original

solution of MB (Bottle A) and filtrate of Bottle Aobtained after treatment with APM

followed by exposure to dark, sun light or UV fohdur (Bottle B-D) respectively.
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Figure 3. Figure in the inset shows the results obtainedtifoe bound decolourization of
MB (pH =5.0£0.1).

(i) Original dye solution



(i) Dye solution immediately after adding APM.
(ii)-(vii) Filtrate collected after 0, 15, 30, 4nd 60 minutes respectively.
(@) and (b) Represent the corresponding UV-Vistpectra of original MB solution i.e.

Bottle (i) and filtrate of Bottles (iii-vii) respéieely.

0.8
— MB
0.74| — MB + 0.0259 APM
—— MB + 0.050g APM
— 064] — MB +0.075g APM
= —— MB + 0.100g APM
& 054 — MB +0.125g APM
[ 1]
Z 0.4
=
s 0.34
< 0.2-
0.1-
0.04— ———

- e T
300 400 500 600 70 800
Wavelength (nm)

Figure 4. Figure showing the decrease in intensity of atmacb peak of MB solutioiufax =

660 nm) upon increasing the amount of APM.
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Figure 5. UV-Visible spectra of 25 mL of I0OM dye solution having pH = 5.0+0.1 of (a)
MB (b) MG (c) MR and (d) EY before (coloured cunad after (black curve) treatment
with 0.125 g of APM.

Figure in the inset shows (i) original dye soluti@h dye solution immediately after adding

0.125 g of APM (iii) filtrate of Bottle ii immedialy after 5 minutes of stirring.
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Figure 6. (a) and (b) Dye solutions of MR at pH above andweb respectively with (i)
original dye solution (ii) dye solution immediatedyter adding 0.125 g of APM (iii) filtrate
of bottle ii immediately after 5 minutes of stirgin

(c) and (d) UV-Visible spectra of dye solutionsgnd (iii) of MR shown in Figure 6a and 6b
respectively.

(e) and (f) Structure of MR at pH above and beloregpectively.
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Highlights

* Micro-sized ammonium phosphomolybdate (APM) particles synthesized and
characterized.

* APM effectively removed cationic dyes from dye-contaminated water.

+ Mechanism involved ion-exchange of NH4" ions in APM with cationic dye
moieties.

« APM retained its removal efficiency of 94.6% upto 16" cycle.

» Sensitivity to pH enabled APM to reverse the ion-exchange process.
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