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Abstract 

Enhanced usage of metal nanoparticles (NPs) in chemical industry and consumer products 

is causing undesirable environmental pollution, toxicity, and damages to the ecosystem. 

New methods are needed to remove such emerging pollutants from the environment. In 

this paper, we report the synthesis and characterization of polyethylenimine coated porous 

ethyl cellulose microcapsules and show potential application in the extraction of dissolved 

citrate or PVP-capped Ag NPs and Au NPs from water. The high surface area of the 

capsules and affinity of amine functional groups towards metal nanoparticles are used to 

enhance the extraction efficiency. Kinetics, isotherm models, and pH studies were used to 

understand the observed extraction efficiency of capsules. The capsules showed interesting 

Langmuir adsorption capacities of 270 mg/g for Ag-citrate, 208 mg/g for Ag-PVP, 116 

mg/g for Au-citrate, and 50 mg/g for Au-PVP nanoparticles. We have also developed a 

simple method to detect metal nanoparticles via modification of the microcapsule with 

fluorescein isothiocyanate. Overall, our results demonstrate that the porous PEI-crosslinked 

microcapsule are useful for the extraction of Ag NPs and Au NPs from contaminated 

water. It can also be modified for the detection of metallic NPs at a ppb level 

concentration. 

KEYWORDS: Water purification; Microcapsule; Adsorbents; Metal nanoparticles; 

Extraction, Detection  
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Introduction 

Nanomaterials are used in consumer products and industrial manufacturing, owing to the 

availability of a wide range of nanoparticles in large volumes.
1-3

 Increased usage of 

nanomaterials and unregulated waste disposal is expected to increase the amount of 

nanoparticles in environment, which enhance the risk of exposure and toxicity to living 

systems.
4-6

 In vitro and in vivo studies have demonstrated the toxicity of Ag NPs,
9-12

 which 

showed DNA damages and interference with functioning of cell organelles such as 

mitochondria, and caused significant toxicity to living tissues.
13-15

 

 

The design and characterization of novel adsorbents such as functional polymers and 

biosorbents for detection and removal of nanopollutants from water is critical for providing 

clean drinking water to the general population. Only a few methods have been developed 

for nanopollutants removal from water, such as coagulation and flocculation, flotation, or 

membrane filtration.
16-20

 Adsorbents such as biosorbents, synthetic polymers and metal 

oxides were developed for the removal of silver (Ag NPs) and gold nanoparticles (Au NPs) 

from water.
21-26

 A practical technology for pollutant removal from water should be cost-

effective, efficient, and should not release chemicals into water or environment.  

 

Despite having been used for the removal of pollutants, no report exists on extraction and 

removal of nanomaterials from water using microcapsules.
27-29

 Unlike other known 

adsorbents, soft microcapsules possess high surface energy, high velocity when dispersed 

in a fluid,
30

 and pack efficiently in a column for large volume application. 

Polyethylenimine (PEI) under acidic condition binds negatively charged particles and 

anions via electrostatic interaction.
31,32

 Polyvinyl pyrrolidone (PVP) was used as a pore 

forming agent for ethyl cellulose-coated pellets in earlier studies.
33

 This paper highlights 
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the possibility of using porous, stable and surface functionalized microcapsules for the 

extraction of dissolved metallic nanoparticles from water. PEI coated and crosslinked 

porous ethyl cellulose microcapsules were prepared and used for the extraction of Ag NPs 

and Au NPs from water. Fluorescein isothiocyanate (FITC) functionalized microcapsules 

are used for the detection of Ag NPs and Au NPs in water. Concept image for the 

extraction of NPs on PEI-crosslinked porous microcapsule is given in Figure 1.  

 

Figure 1. Extraction of Ag NPs or Au NPs using porous polyethylenimine coated ethyl 

cellulose microcapsules. 

 

Experimental 

Materials 

Polyvinyl alcohol (PVA) (88% hydrolyzed, Mw = 100 KDa), ethyl cellulose (48% ethoxyl; 

viscosity = 46 cP, 5% in toluene/ethanol 80 : 20, Mw = 57 KDa), polyvinylpyrrolidone 

(PVP) (Mw = 10 KDa), sodium dodecyl sulfate (SDS), branched polyethylenimine (PEI) 

(50% w/v in water, Mn = 60 KDa), glutaraldehyde (50%), phosphoric acid (85%), 

fluorescein isothiocyanate (FITC), silver nitrate, potassium gold (III) chloride, sodium 

borohydride, polyvinylpyrrolidone (PVP40) (Mw = 40 KDa), and sodium citrate tribasic 

dihydrate were purchased from Sigma Aldrich. Chloroform (CHCl3, analytical grade) was 

purchased from Merck.  

 

Nanoparticles

Polymer capsules
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Synthesis of Ag and Au NPs 

Citrate- and PVP-capped Ag NPs and Au NPs in aqueous solution were prepared using a 

reported procedure via the reduction of corresponding salts with a reducing agent.
34,35

 

Sodium citrate tribasic dihydrate (50 mg, 0.017 mmol) dissolved in water (10 mL) was 

mixed with AgNO3 solution (20 mg in 50 mL water) and stirred at room temperature. 

Aqueous solution of NaBH4 (10 mg in 9 mL water) was freshly prepared and added 

dropwise to the silver salt solution. The solution was diluted with water (130 mL) and 

stirred for a day to make the citrate capped silver nanoparticle (Ag-Cit) solution (2.5 x 10
-4

 

M). The PVP capped silver nanoparticles (Ag-PVPs) were synthesized using a similar 

procedure with PVP (10 mg) as the capping agent. 

 

Citrate capped gold NPs (Au-Cit) in aqueous solution were prepared using similar 

procedure as Ag-Cit NPs, using KAuCl4.3H2O solution (22 mg in 0.5 mL water) as starting 

material. Unless otherwise specified, concentration of nanoparticle solution used for 

extraction studies was kept at 2.5 x 10
-4

 M. 

 

Preparation of PEI-crosslinked Microcapsules 

General procedure for the preparation of microcapsule using water/oil/water double 

microemulsion method was described elsewhere.
36

 According to the procedure reported by 

Yu et. al., SDS (with polar head group and nonpolar tail) dissolved in chloroform phase 

forms small water droplets inside the organic phase, which coalesce upon removal of 

chloroform at the end. 

 

A solution of ethyl cellulose (0.224 g), PVP (0.056 g) and SDS (0.28 g) in chloroform (35 

mL) was prepared, added dropwise to an aqueous solution of PVA (1.5 g in 300 mL) and 
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stirred for 24 hrs at room temperature for complete removal of chloroform. The 

microcapsules were centrifuged, washed with deionized water (200 mL), and labeled as 

EC-MC, re-dispersed in 30 ml water containing PEI (0.25 mL), and stirred for 1 h. 

Crosslinking agent glutaraldehyde (0.6 mL) and phosphoric acid (0.3 mL) were then added 

drop wise to the solution, stirred for 2 h, microcapsules were collected by centrifugation, 

washed with deionized water (200 mL), and dried under vacuum at RT for 24 h. The PEI 

incorporated microcapsules were labeled as PEI-MC. 

 

Modification of PEI-crosslinked Microcapsules with FITC 

Dried PEI-MC (0.1 g) was dispersed in water (150 mL) containing FITC (0.03 g) and 

stirred at room temperature for 24 h. The resulting orange-colored microcapsules were 

separated by centrifugation, washed with deionized water (200 mL), dried under vacuum at 

room temperature for 24 h, and labeled as FITC-MC. 

 

Characterization of NPs 

Morphology of the NPs synthesized was characterized using Transmission Electron 

Microscopy (TEM, JEOL JEM 2010, operating at 200 kV). The optical properties were 

established using UV-Vis spectroscopy (Shimadzu UV-601 PC spectrophotometer). 

Dynamic light scattering (DLS) and zeta potential measurements were done using a 

Malvern Zetasizer Nano-ZS instrument. 

 

Characterization of Microcapsules 

Fourier transform infrared (FTIR) spectra of the microcapsule before and after 

functionalization were recorded in the range of 4000 - 400 cm
-1

 using a Bruker ALPHA 

FT-IR Spectrophotometer, using KBr as matrix. Elemental (CHNS) analysis of the 
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microcapsule was done before and after functionalization using Elementar Vario Micro 

Cube instrument. The morphologies of the microcapsules were examined using JEOL 

JSM-6701F field emission scanning electron microscope (FESEM). Energy dispersive X-

ray spectroscopy (EDS) was used for identification of elements on the surface of 

microcapsule.  

 

Time-dependent Extraction of NPs 

To determine the extraction efficiency, microcapsules (0.01 g) were dispersed in Ag NPs 

or Au NPs solution (10 mL, 10 ppm) and put on an orbital shaker at 250 rpm. Time point 

collections (0.5 mL) were done every 15, 30, 60, 120, 240, 480 minutes intervals and after 

24 h. The solid was removed via centrifugation using ScanSpeed microcentrifuge at 10000 

rpm, and the concentration of nanoparticles in solution was quantified using UV-Vis 

spectroscopy. 

 

Influence of Concentration on Extraction Efficiency 

Appropriate amounts of Ag NPs or Au NPs stock solution (2.5 x 10
-4

 M) was diluted to 

obtain sample solution in the concentration range of 5 - 100 ppm. Microcapsules (1.2 ± 0.1 

mg) were dispersed in the nanoparticle solutions (10 mL) and kept on a shaker for 24 

hours. Samples (0.5 mL) were collected, solid was removed by centrifugation, and 

concentration of nanoparticles in solution was established by UV-Vis spectroscopy. 

 

Effect of pH on NPs adsorption 

Ag NPs or Au NPs solutions (10 mL) were adjusted to pH values of 3, 4, 5, 7, 9, and 10 

using either 0.1 M NaOH or HCl solutions. Microcapsules (1.2 ± 0.1 mg) were dispersed in 

nanoparticle solution (10 ml) at different pHs and kept on a shaker for 24 hours to study 
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the effect of pH on extraction efficiencies. Samples (0.5 mL) were collected, solid was 

removed by centrifugation, and concentration of nanoparticles in solution was established 

using UV-Vis spectroscopy. 

 

Desorption Studies 

PEI-MC (10 mg) were dispersed in nanoparticle solution (10 mL), put on an orbital shaker 

at 250 rpm for 24 h, centrifuged, washed with water (200 mL), and solid was dried under 

vacuum at room temperature. The solid was mixed with dilute HCl (10 mL, 2M) to desorb 

Ag NPs from the microcapsules, while thiourea (10 mL, 2M) was added to desorb Au NPs, 

stirred for 24 h, 1.5 mL of the solution was diluted to 7 ml, filtered and analyzed. The 

microcapsules were centrifuged, solid residue was washed with water (200 mL), dried 

under vacuum at room temperature, and used for repeated extractions of NPs from water. 

The process was repeated to check deterioration of extraction efficiency and reusability. 

 

Ag and Au Nanoparticle Detection Using FITC-modified Microcapsules 

Ag-Cit, Ag-PVP, and Au-Cit NPs solutions (2 mL) with the concentration range of 10 - 

500 ppb were prepared. FITC-MC (1.2 ± 0.1 mg) were dispersed in the nanoparticle 

solution (2 mL), stirred for 2 h, centrifuged, and the supernatant was analyzed for 

fluorescence measurement using a Cary Eclipse fluorescence spectrophotometer 

(excitation and emission wavelengths of 492 nm and 518 nm, respectively). To make a 

calibration curve, fluorescence intensities of FITC released from the capsule after addition 

of a known amount of NPs were plotted against the concentration of NPs. The 

concentration of NPs in unknown sample was determined using this calibration curve. 

 

Results and Discussions 
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Characterization of Nanoparticles 

The nanoparticles (Ag-Cit, Ag-PVP, Au-Cit, Au-PVP) were synthesized by reducing the 

corresponding Ag or Au salt with NaBH4 and citrate or PVP as capping agents under 

ambient conditions. In general, the synthesized Au NPs showed narrow size distribution as 

compared to the Ag NPs (Figure 2A-D). The optical properties of the NPs were 

characterized using UV-Vis spectroscopy (Figure 2E). Ag-Cit and Ag-PVP NPs have 

maximum absorption at 390 and 401 nm, respectively, while Au-Cit and Au-PVP NPs 

showed absorption maxima at 516 nm and 502 nm. These values are consistent with the 

reported values of NPs synthesized using similar procedure.
37,38 

 

As expected, DLS data indicated that citrate-capped NPs were smaller in hydrodynamic 

diameter and more negatively charged than PVP-capped NPs (Figure 2F). The surface 

charges of nanoparticles decrease in the order, Ag-Cit > Au-Cit > Au-PVP > Ag-PVP. Size 

distribution of the NPs from the DLS measurements is given in the Supporting Information 

(Figure S1).  
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Figure 2. TEM images and size distribution (inset) of Ag-cit (A), Ag-PVP (B), Au-cit (C), 

Au-PVP NPs (D), UV-Vis absorption spectra of NPs in water (E), hydrodynamic diameter 

and zeta potential of NPs (F). 
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Characterization of Microcapsules 

The FTIR spectra of microcapsules are given in Figure 3. Peaks centered around 3450 cm
-1

 

and 1650 cm
-1

 in the spectra can be attributed to the bending vibration of water molecules 

bound on ethyl cellulose. In the case of microcapsule functionalized with PEI, a new peak 

appeared at 1637 cm
-1

 as shown in Figure 3B. After modification with FITC, two new 

peaks (1598 and 2031 cm
-1

) that belong to FITC appeared on the spectrum in Figure 3C.
39

 

The carboxylic acid group on FITC ionizes at pH 7 in water
40-42 

and 20% of the amino 

groups of PEI are protonated at pH 7.
43

 Therefore ionic interactions were expected between 

the COO
-
 groups of FITC and protonated amino groups of PEI.  

 

Figure 3. FTIR spectra of EC-MC (A), PEI-MC (B), and FITC-MC (C) using KBr as 

matrix 

 

Elemental analysis (CHNS) data of the microcapsules are given in Table 1. The nitrogen 

content was increased from 0.47 to 0.84% upon PEI adsorption, followed by crosslinking 
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 12

of PEI onto the EC-MC microcapsule. The initial 0.47% of nitrogen from EC-MC 

originated from PVP adsorbed on the microcapsule. No leaching of PVP or PEI from the 

capsules was observed upon dispersion into water as the nitrogen content remained the 

same before and after the extraction. Extraction studies using EC-MC and PEI-MC showed 

that PEI-MC has much higher extraction capacities towards Ag NPs and Au NPs (Table 1). 

This indicates that the amine moieties of PEI play a significant role in the extraction of Ag 

NPs and Au NPs from water.  

 

Table 1. Elemental analysis data and comparison of NPs extraction from water using EC-

MC and PEI-MC. 

 

Elemental analysis EC-MC PEI-MC FITC-MC 

C 56.18 55.91 54.27 

H 8.75 8.38 6.76 

N 0.47 0.84 1.21 

S - - 2.33 

Extraction of NPs EC-MC PEI-MC FITC-MC 

Ag-Cit (mg/g) 8 272 N/A 

Ag-PVP (mg/g) 0 172 N/A 

Au-Cit (mg/g) 29 94 N/A 

Au-PVP (mg/g) 0 38 N/A 

 

The porosity of the microcapsule provided large surface area for efficient extraction of NPs 

from water. The size distribution of the microcapsules is from 5 to 30 µm. Morphology of 

the microcapsule was preserved upon crosslinking of PEI (Figure 4B). NPs adsorbed on 

the surface of PEI-MC were characterized using SEM (Figure 4C-F) and EDS (Figure 

S2A-D, Supporting Information). High magnification image of PEI-MC is also given in 

Supporting Information for comparison (Figure S3). Morphology of NPs was not changed 

during the extraction and strong electrostatic interaction between positively charged PEI 

present on the surface and negatively charged citrate-capped NPs is responsible for 

enhanced extraction efficiency.
44
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Figure 4. SEM images of EC-MC (A), PEI-MC (B), magnified images of PEI-MC surface 

after extraction of Ag-Cit (C), Ag-PVP (D), Au-Cit (E), and Au-PVP NPs (F). 

 

Influence of Time on Extraction Efficiency 

PEI-MC (1 mg/ml) can be used for the removal of Ag-Cit and Ag-PVP NPs (96%) within 

1 - 2 h (Figure 5). However, the removal of Au-Cit and Au-PVP NPs was relatively slower. 

Page 13 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 14

Data from the time-dependent studies were used to plot the pseudo-first and pseudo-second 

order kinetic plots. Extraction of NPs by the capsule reaches a steady state within 4 h. 

 

Figure 5. Time-dependent extraction of NPs using 10 mg (A) and 1.0 ± 0.2 mg (B) of PEI-

MC in 10 ml nanoparticle solution (  Ag-Cit,  Ag-PVP,  Au-Cit,  Au-PVP). 

Experiments were done at neutral pH and under room temperature.  

 

To characterize the extraction kinetics of NPs, the data (Figure 5) were fitted to both 

pseudo-first and pseudo-second order kinetic equations. For the pseudo-first order 

kinetics
45

, 

log(qe-qt) = log qe – (k1/2.303)t              (1) 

was used, where qe and qt describe the amount of NPs adsorbed (mg/g) at equilibrium and 

at a given time t, while k1 (min
-1

) is the pseudo-first order rate constant for the adsorption 

of NPs.  

 

For the pseudo-second order kinetics
46

, 

t/qt = t/qe + 1/(k2.qe
2
)                              (2) 

was used, where qe and qt describe the amount of NPs adsorbed (mg/g) at equilibrium and 

at a given time, t, respectively, while k2 (g/mg min) is the pseudo-second order rate 

constant for the adsorption of NPs. 
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Figure 6. Pseudo-first (A) and pseudo-second (B) order kinetic plots for extraction of NPs 

using PEI-MC,  Ag-Cit,  Ag-PVP,  Au-Cit,  Au-PVP. 

 

Adsorption of all NPs was better described by pseudo-second order kinetics as indicated by 

high R
2
 values and showed good agreement between calculated and experimental values of 

qe (Table 2). This indicates that chemisorption facilitated by electrostatic interaction can be 

the rate-limiting step for adsorption of Ag NPs and Au NPs on PEI-MC.
47

 

 

Table 2. Pseudo-first and pseudo-second order kinetic parameters for the NPs extraction 

using PEI-MC. 

 

Nanoparticles Ag-Cit Ag-PVP Au-Cit Au-PVP 

 qe (exp) 

(mg/g) 

271.49 171.74 94.24 37.79 

Pseudo 

first-order 

qe (mg/g) 214.88 128.59 31.62 15.06 

k1(min
-1

) 0.010 0.003 0.004 0.008 

R
2
 0.9800 0.8790 0.6274 0.6486 

Pseudo 

second-order 

qe (mg/g) 277.78 175.44 94.34 38.02 

k2(g/mg.min) 0.0001 0.00007 0.0008 0.003 

R
2
 0.9984 0.9872 0.9995 0.9998 

 

Concentration-dependent studies 

The concentration dependent adsorption data were plotted to fit the widely used Langmuir 

and Freundlich isotherms. The following equation
48

 was used to plot the Langmuir plot: 
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1/Qe = 1/Qm + 1/KLQmCe            (3) 

where Qe = amount of adsorbed NPs in mg/g, Qm = maximum adsorption capacity for 

monolayer coverage in mg/g, KL = Langmuir adsorption constant related to heat of 

adsorption, Ce = initial concentration of NPs in solution. 

 

The measure of how favorable the adsorption process is described by the separation factor 

(RL)
49,50

 is given by: 

RL = 1/(1+ KL.C0)                        (4) 

C0 is the initial NPs concentration (mg/L), RL > 1 indicates unfavorable adsorption; RL = 1 

corresponds to a linear adsorption process; 0 < RL < 1 indicates favorable adsorption and 

RL= 0 means irreversible adsorption. 

 

The following equation
51

 was used to plot the Freundlich plot: 

ln Qe = 1/n ln Ce + ln KF             (5) 

 where KF and n are the Freundlich constant and adsorption intensity, respectively. 

 

Adsorption of Ag-Cit, Ag-PVP, Au-Cit, and Au-PVP on microcapsules was better 

described by Freundlich isotherm and the adsorption of Au-PVP was better suited to 

Langmuir isotherm model as indicated by the R
2
 values (Table 3). This is due to the 

smaller size and narrow size distribution of Au-PVP NPs. The 1/n values of adsorption of 

NPs were below 1, which shows chemisorption on heterogeneous binding sites.
52

 RL values 

for all NPs adsorption were in between 0 to 1, indicating a favorable adsorption process.  
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Figure 7. Langmuir (A) and Freundlich (B) isotherm plots. The experiments were done at a 

microcapsule concentration of 1.0 ± 0.2 mg in 10 ml nanoparticle solution (  Ag-Cit,  

Ag-PVP,  Au-Cit,  Au-PVP) with a concentration range of 5 - 100 ppm at a constant 

time of 24 h, at pH of 5 and room temperature.  

 

Table 3. Langmuir and Freundlich parameters from the extraction studies using PEI-MC. 

Experiments were done at ambient conditions. 

 

Nanoparticles Ag-Cit Ag-PVP Au-Cit Au-PVP 

Langmuir Qm (mg/g) 270 208 116 50 

KL 0.019 0.147 0.007 0.034 

RL 0.307 0.132 0.729 0.348 

R
2
 0.8900 0.8601 0.9279 0.9897 

Freundlich KF (mg/g) 25.94 28.29 1.49 13.36 

1/n 0.3310 0.3326 0.6867 0.2102 

R
2
 0.9389 0.9260 0.9777 0.9803 

 

Qm values were in the order of: Ag-Cit > Ag-PVP > Au-Cit > Au-PVP (Table 3, row 1). 

The citrate-capped NPs showed higher extraction capacities than PVP-capped ones owing 

to their negative surface charges. PEI is a cationic polymer under acidic pH, therefore 

negatively charged particles are adsorbed onto PEI-MC surface. The extraction of Ag NPs 
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was more efficient than Au NPs owing to stronger interaction between Ag and amine 

groups on the surface of microcapsules.
44

 

 

We have also compared the Langmuir adsorption capacities of PEI-MC with other known 

adsorbents (Table S1, Supporting information).
21-26

 PEI-MC showed higher extraction 

capacities for Ag-Cit, Ag-PVP, and Au-Cit NPs than other adsorbents. Overall, PEI-MC is 

easier to prepare and environmentally friendly than other adsorbents such as metal oxides 

reported in literatures
24

 and does not contaminate water as it can be readily removed by 

filtration. 

 

Effect of pH 

 

Figure 8. Effect of pH on the extraction of nanoparticles  (  Ag-Cit,  Ag-PVP,  Au-

Cit,  Au-PVP) using PEI-MC. Extractions were done under ambient conditions.  

 

Extraction of Ag NPs and Au NPs was more efficient at acidic pH (Figure 8). This is due 

to the presence of protonated amine groups on the microcapsule surface at a lower pH. The 

protonation of PEI increases from 20 to 45% with a decrease in pH from 7 to 5.
53

 The 

optimum pH for the extraction of Ag-Cit NPs (270 mg/g) and Ag-PVP NPs (170 mg/g) 
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was at pH 5. On the other hand, the optimum extraction of Au-Cit NPs (121 mg/g) and Au-

PVP NPs (160 mg/g) was carried out at a pH 4, below which destabilization of NPs 

occured in solution. 

 

Desorption studies 

Desorption experiments were done using nanoparticles adsorbed PEI-MC in 2M HCl (for 

Ag NPs) or 2M thiourea (for Au NPs) solution, respectively. Percentages of Ag and Au 

metal content in solution after desorption studies were measured using Dual-view Optima 

5300 DV Inductively coupled plasma optical emission spectroscopy (ICP-OES) system. 

Desorption and extraction processes were done for 3 cycles and the average percentage 

desorption values are given in Table 4. The mechanism of desorption involves dissolution 

of Ag and Au NPs adsorbed on PEI-MC to corresponding Ag
+
 and Au

+
 ions in water under 

acidic conditions.
54,55

 The percentage desorption of Ag-Cit was the lowest among all NPs, 

indicating strong interaction between Ag-Cit and amine groups on PEI-MC. 

 

Table 4. Desorption studies using 2M HCl for Ag NPs and 2M thiourea for Au NPs from 

PEI-MC surface. 

 

Nanoparticle % Desorption 

Ag-cit 15 

Ag-PVP 50 

Au-cit 48 

Au-PVP 58 

 

Detection of Ag and Au nanoparticles 

A simple detection method was developed for Ag-Cit, Ag-PVP, and Au-Cit using FITC-

coated MC. Au-PVP was excluded from this experiment due to lower extraction efficiency. 
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Fluorescent FITC was immobilized on PEI-MC using electrostatic interaction between the 

carboxylic group of FITC and protonated amino groups of PEI. Adsorption of FITC on 

microcapsule increased nitrogen and sulphur content to 1.21 and 2.33, respectively. FITC-

MC was only used for detection of NPs and not for extraction because the binding of NPs 

usually releases FITC into solution. 

 

The principle mechanism of detection involves replacement of FITC on the surface of 

FITC-MC by Ag NPs or Au NPs as interaction of amino groups with NPs is stronger than 

that with FITC. No leaching of FITC from the microcapsule was observed in the absence 

of nanoparticles. UV-Vis measurement also showed no signal of NPs upon release of FITC 

into solution after extraction.  

 

Figure 9. Change in fluorescence intensity of FITC with increasing concentration of Ag/Au 

nanoparticles against initial Ag or Au nanoparticle concentration in water,  Ag-cit (y = 

4.7669x + 2636.2, R
2
 = 0.96649),  Ag-PVP (y = 3.5771x + 1041.1, R

2
 = 0.96124),  

Au-cit (y = 9.2762x + 2371.7, R
2
 = 0.97281). 

 

Fluorescence intensity of FITC released into water was measured and plotted against initial 

concentration of Ag NPs or Au NPs (Figure 9). Details on how the equations in Figure 9 
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were formed can be found in Supporting Information. Even though, the detection time is 

relatively long at 8 h, this nanoparticle-detection method is simple, much more cost-

effective than other single nanoparticle detection methods, has relatively high R
2
 values 

(0.96 - 0.97), and low detection limit. The linear detection range was calculated between 

0.01 – 0.5 ppm for Ag-cit and Au-cit and 0.01 – 0.4 ppm for Ag-PVP. Further work is 

needed to lower the time needed for the detection of NPs, which is necessary for its 

practical use in water quality monitoring. 

 

Conclusion 

In summary, highly porous microcapsules functionalized with PEI are used to extract Ag 

NPs and Au NPs from water with efficiencies varying from 60 to 99%. Langmuir 

adsorption capacities of the NPs at pH 5 are given as: 270 mg/g (Ag-Cit), 208 mg/g (Ag-

PVP), 116 mg/g (Au-Cit), and 50 mg/g (Au-PVP). The extraction of Ag NPs was more 

efficient than Au NPs due to differences in their adsorption mechanism. In addition, the 

extraction of NPs was better at lower pH (i.e. pH 4-5) owing to the presence of protonated 

amine groups on the microcapsule surface. Upon modification with FITC, the 

microcapsules were also used for the detection of Ag-cit, Ag-PVP, and Au-cit NPs in 

solution with the detection limit as low as 0.01 ppm. In addition, we have demonstrated a 

detection method as a new platform for the detection of metal NPs in water, however more 

work is needed to shorten the time needed for accurate detection. 
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