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a b s t r a c t
In the recent past, intensive studies have been directed towards the use of zinc oxide nanoparticles 
(ZnO-NPs) for pollutant uptake and pathogens deactivation from water. However, the chemical 
behaviour of these suspended colloids in water and their solubility measurements is still not fully 
understood. Herein, a green synthesis approach was used to fabricate surface-modified ZnO-NPs 
using Dracaena cinnabari (Dragon’s blood) extract. A ZnO control sample for comparison was synthe-
sized at similar conditions but without the extract. The obtained powder samples were characterized 
for structural, morphological and surface properties using various multidisciplinary tools. The envi-
ronmental stability and adsorption behaviour of surface-modified ZnO-NPs (S1) and pristine ZnO (S2) 
were studied in aqueous solution at various conditions. S1 sample showed high adsorption capacity 
for Arsenite (As (III)) and least leaching of Zn ions into water as compared with S2. The results of Zn 
ions leaching into water (in case of S2) inferred that pristine ZnO sample (S2) was unstable in alkaline 
and acidic conditions, suggesting its unviability as an adsorbent in most conditions. However, the 
green synthesis approach for the synthesis of ZnO-NPs has proved a potential step forward towards 
the safe use of ZnO-NPs for water purification systems.
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1. Introduction

Zinc oxide, owing to its unique electronic, optical and 
surface properties, is one of the most studied metal oxide at 
nanoscale [1]. It has found widespread applications in envi-
ronmental, biological and medical fields [1–3]. In the recent 
past, intensive studies have been directed towards the use of 
ZnO-NPs for pollutants uptake and pathogens deactivation 
of water [3–14]. However, the chemical behaviour of ZnO-
NPs in water at different conditions is not yet fully explored. 

Most of the previous studies claimed that high adsorption 
capacities were attained at strong acidic or alkaline condi-
tions. However, the high solubility of Zn ions and instability 
of nanocolloids at these conditions were entirely not consid-
ered [4–14]. This insufficient research is considered to be the 
main cause to the growing concerns about the safety use of 
ZnO-NPs (especially at sizes below 10 nm) to human health 
and the environment [16]. Some studies, however, proposed 
that handling some parameters properly would not only 
make ZnO-NPs stable, less soluble and homogeneously 
dispersed, but also safer to human health and environment 
[8,15]. These parameters include size [15–19], shape [19–21], 

dose [14,22], surface doping with other metals or metal 
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oxides [22–31] and surface functional groups [7,30–33]. 
Interestingly, recent studies inferred that microbial bio-
film deposition, natural organic matters and ionic strength 
highly influence the mobility of ZnO-NPs [34–37]. Most of 
these studies further inferred that the high toxicity of ZnO-
NPs is attributed mainly to the high solubility (leaching) of 
Zn2+ ions into the water. Thus, their use as an adsorbent for 
heavy metals remediation of water could release secondary 
pollutants (Zn2+ ions) into the water system. The Zn leaching 
into water could be controlled using surface modification 
with inorganic dopants [13,22–31], and organic functional 
groups (mostly using surfactants or by applying green syn-
thesis methods) [31–33]. These studies inferred that dopants 
showed a dramatic decrease in the Zn2+ ions leaching into 
water. Surface coating with various active ligands is a simple 
method to functionalize metal particles. To this, exploring 
simple and green methods for the synthesis of uniformly 
sized and surface-engineered ZnO-NPs (< 10 nm) is still a 
challenge. Dragon’s blood is a unique and rare tree native to 
Socotra Island, Yemen. Its red resin, extracted from the tree 
trunk, is known for its medical and antibacterial activity for 
centuries [38,39]. Structurally, the red resin is rich in sev-
eral organic antioxidant compounds such as flavonoids, tan-
nins and amino groups. This unique composition enhances 
the reaction of the electron-rich functionalities (hydroxyls 
(–OH), carboxyl (C=C), amino (–NH2) groups, etc.) with Zn 
ions leading to ultrafine and surface-modified ZnO-NPs 
[38–41].

In our previous study, we have described the use of 
Dragon’s blood extract for the synthesis of surface-engineered 
Ag/Ag2O core/shell nanoparticles and their use for As(III) 
removal [42]. The same synthesis protocol is extended to the 
preparation of surface-modified ZnO-NPs. The role of syn-
thesis method on ZnO-NPs and their implications for Zn 
dissolution and Arsenite adsorption in water is also stud-
ied. This study clearly inferred that ZnO-NPs synthesized 
by using Dragon’s blood extract (S1) have shown improved 
As(III) removal and sufficient stable behaviour (least leach-
ing of Zn ions into water) as compared with pristine ZnO 
particles (S2).

2. Materials and methods

2.1. Materials

Dracaena cinnabari (Dragons’ blood) was collected from 
Socotra Island, Yemen and used as a reducing and stabiliz-
ing agent. Zinc chloride (ZnCl2, Sigma Aldrich, India, 98%) 
and sodium hydroxide (NaOH pellets, Fisher Scientific, 
India, 98%) were used as a precursor and an alkaline 
reagent, respectively. Distilled water (Merck Millipore), 
ethanol and methanol (Alfa Easer, India) were used as sol-
vents. All specified chemicals were of analytical grade and 
used as received.

2.2. Extract preparation

Dragon’s blood extraction methodology was fully 
described in our previous work [42]. In brief, red resin of 
the Dragon’s blood tree was collected and repeatedly puri-
fied with methanol. The purified red resin was collected in 

a container, dried and stored as a red powder. In the sub-
sequent step, 20 mg of extract powder (red resin) was well- 
dispersed in 100 mL ethanol for 10 min at room temperature 
resulting in a red solution.

2.3. Synthesis of ZnO-NPs

In a simple synthesis process, 2.72 g of ZnCl2 was dis-
persed in 200 mL distilled water and vigorously stirred 
at room temperature to achieve a homogenous solution. 
20 mL of extract solution was added to the previous solu-
tion and kept for 1 h until the solution colour was changed 
to a milky white. During the reaction, the pH of the resultant 
solution was adjusted at ~9 with the help of NaOH solution. 
The obtained solution was allowed to precipitate, filtered in 
a vacuum filtration system, washed several times with water 
and ethanol and dried at 120°C for 2 h. The ZnO-NPs powder 
obtained using the extract of the red resin of the Dragon’s 
blood tree was named as S1.

The chelating mechanisms of flavonoids with Zn2+ ions 
have been well-studied in the literature [43–45]. It was 
argued that flavonoids groups could offer a massive num-
ber of nucleation sites for the reduction of Zn2+ ions and the 
formation of ZnO-NPs [46–48]. The reduction process took 
place mainly via electron donation of the hydroxyl and car-
boxyl sites [46]. The coordination activity of flavonoids with 
metal cations is highly enhanced when metals are used in 
ionic form and in alkaline environments (flavonoids tend to 
dissolve easily in alkaline water and enhance the antioxidant 
activity) [47–49]. The same procedure was also adopted for 
the synthesis of ZnO-NPs using only NaOH (without the use 
of dragon’s blood extract). The Zn(OH)2 precipitates obtained 
during the reaction were calcinated at 150°C for 2 h to ensure 
complete dehydration of Zn(OH)2 to ZnO phase. The ZnO-
NPs powder obtained by this method was named as S2. After 
drying (S1) and calcination (S2), both types of the ZnO-NPs 
powder were well-characterized and stored for further use. 
The mechanistic pathway of the reaction is shown in the 
following equations: 

ZnCl NaOH Zn OH NaCl2 2
2 2+ → ( ) +  (1)

Zn OH ZnO H OHeat
2( )  → +

2
 (2)

Flavonoid C Zn OH Flavonoid C ZnO H O2− + ( ) → − + +
2

 (3)

2.4. Solubility/leaching of Zn ion study

The solubility/leaching of Zn2+ ions of S1 and S2 samples 
was studied as a function of contact (10 min–48 h) time, ZnO 
dose (0.02–1 g L–1) and pH range (3–12). The blank water sam-
ples (no ZnO powder added) were used in the experiment. 
Appropriate amounts of S1 and S2 samples were added to 
glass flasks. The flasks were tightly closed and exposed to 
uniform shaking at 150 rpm and 25°C using a shaker (Remi, 
India). The samples were removed from the shaker at regular 
time intervals, filtered with 0.22 μm disposable filters, and 
the concentrations of Zn2+ ions in the filtered samples were 
analysed by inductively coupled plasma mass spectroscopy 
(ICP-MS, Perkin Elmer, NexIon 300X).
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2.5. Effect of pH

To study the effect of surface activity of ZnO adsorbents 
on the As(III) uptake under varying pH values, experiments 
were carried at ZnO dose 0.3 g L–1, As(III) concentration 
562 μg L–1 and contact time 10 min–48 h. S1 and S2 samples 
(0.3 g L–1 of ZnO) were separately added to glass flasks. An 
appropriate volumes of As(III) concentration 562 μg L–1 were 
also added to glass flasks. The flasks containing suspensions 
were tightly closed and uniformly shaken at 150 rpm, 25°C 
and varied pH using an incubator shaker for the required 
contact time. After shaking the solutions were filtered using 
0.22 μm disposable filters. The concentrations of As (III) ions 
in the filtered samples were then analysed using ICP-MS.

2.6. Zeta potential measurements

Aqueous solutions of ZnO-NPs samples were pre-
pared by the addition of 10 mg L–1 of ZnO-NPs to distilled 
water and then subjected to ultrasonication (Sonicator, PCi 
Analytics) for 30 min. The pH of the stock solution was mea-
sured at 6.8 ± 0.1 and monitored by pH meter (OAKION, 
Eutech Instruments); suspensions were shaken for 30 min to 
ensure equilibrium. Final pH of the suspensions was mea-
sured and point zero charge was determined with Nanosizer 
SZ-100 (Horiba Scientific, Japan) at 25°C using dynamic light 
scattering method.

2.7. Effect of adsorption dose and contact time

Adsorbent dose studies were carried out at various 
adsorbent doses (0.02–1 g L–1), while As(III) concentration 
was kept unchanged at 527 μg L–1 using 250 mL conical 
flasks. To carry out the batch dose study, 100 mL of each 
concentration of As(III) solution and a particular adsorbent 
dose was added into the conical flask. Control solution 
(without adsorbent) was prepared to determine the initial 
As(III) concentration (Co). Kinetics study was conducted at 
fixed As(III) concentration (~527 μg L–1) and adsorbent dose 
(0.3 g L–1). The measurements were conducted at different 
contact times (1 min–48 h). Removal efficiency (R(%)) was 
calculated according to Eq. (4) and then plotted as a function 
of time.

R
C C

C
o e

o

%( ) = −( )×100
 (4)

where Co and Ce are the initial and equilibrium As(III) 
concentrations in μg L–1, respectively. The amount of As(III) 
ions adsorbed (Qe) for S1 and S2 was calculated using Eq. (5).

Q
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where Qe is the adsorption capacity measured in mg g–1, 
while W/V is the adsorbent dose in mg L–1.

3. Characterization studies

Transmission electron microscope (TEM) (Model FEI 
Technai G2 S-Twin) operated at an accelerating voltage of 
200 kV and field emission electron microscope (FESEM) 

(Model Hitachi S-570) operating at an accelerating volt-
age of 5 kV were used to study the morphology of ZnO-
NPs samples. The crystallinity and phase structure of the 
samples were studied using Bruker’s X-ray diffractometer 
(AXS Model D8 Advance System). X-ray diffraction (XRD) 
patterns were recorded from 20° to 80° using Cu Kα as the 
X-ray source (λ = 1.54 Å). Fourier-transform infrared (FTIR) 
spectroscopy (Model: Nicolet 380 of thermo Scientific) was 
mainly used to identify the surface activity of the parti-
cles. UV-vis spectrometer (Jasco-V-670) was used to study 
the optical response of the samples. Finally, the point 
zero charge of the ZnO-NPs samples was measured with 
Nanosizer SZ-100 (Horiba Scientific, Japan) using light scat-
tering method.

4. Results and discussion

4.1. Structure and surface of ZnO-NPs

Fig. 1(a) shows the X-ray diffractograms of ZnO-NPs 
(S1 and S2 samples). The diffraction patterns show the char-
acteristic peaks at 2θ = 31.68°, 34.29°, 36.16°, 47.39°, 56.50°, 
62.74°, 66.30°, 67.89° and 69.07°, which correspond to (100), 
(002), (101), (102), (110), (103), (200), (112) and (201) planes 
of ZnO-NPs [50]. All the diffraction peaks are indexed to the 
hexagonal ZnO (Inorganic Crystal Structure Database code 
# 75-0576) [50,51]. Since, there appeared no other peaks than 
the characteristic peak pattern of ZnO; hence, it is believed 
that ZnO-NPs were in highly pure phase. Furthermore, the 
broadened peaks verified the ultrafine nature of ZnO-NPs, 
whereas the high intensity peaks revealed the high crystal-
linity of ZnO-NPs. The peaks for S1 were broader as com-
pared with S2 sample (Fig. 1(b)), whereas the peaks of S2 
were more intense than S1. These results indicated that the 
crystallites of S1 were finer but less crystalline while that of 
S2 were larger but highly crystalline. Our argument in favour 
of the finer size of the S1 particles was complemented by the 
average crystallite size, which was calculated from the XRD 
peaks using Scherer equation. The average crystallite sizes 
calculated by taking the average of the obtained three peaks 
(as shown in Fig. 1(b)) for S1 and S2 were ~3.81 and ~26.5 nm, 
respectively.

Fig. 1(c) shows UV-Vis absorption spectroscopic analy-
sis of S1 and S2 samples. The spectra showed single sharp 
absorption bands at ~361 and ~370 nm corresponding to S1 
and S2 samples, respectively. The absorption bands in this 
range are characteristic of ZnO-NPs [7,52]. The absence of 
any additional bands in the UV-Vis scan indicates the high 
purity of ZnO phase [53]. The results also show a small shift 
of wavelength, which could be attributed mainly to the dif-
ference in particle sizes of both ZnO samples [54]. It is funda-
mentally known that for a specific material, smaller particle 
sizes show larger band gap [55], which is adequately vali-
dated in the present case of ZnO-NPs variable sizes.

Fig. 1(d) depicts the FTIR spectra of S1 and S2 samples in 
the wavenumber range of 470–4,000 cm–1. The occurrence of a 
large number of bands for S1 sample implies that these parti-
cles are surface-rich with various functional groups of the red 
resin extract. These functional groups are advantageous since 
they are plausibly involved in the adsorption of As(III) and in 
controlling Zn dissolution in water. The stretching bands of 
ZnO-NPs were observed at 400–900 cm–1 range, arising from 
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the interatomic vibrations of metal–oxygen bonds [42]. The 
band at 620 cm–1 is attributed to ZnO deformation, which is 
more intense in the case of S2 sample. The stretching band 
in the range of 3,400–3,550 cm–1 (more intense in the case of 
S1 sample) is assigned to the hydroxyl group and vapours of 
water present in the samples [56,57]. The vibrational bands 
at 1,397, 1,494, 1,637 and 1,767 cm–1 are assigned to various 
symmetric and asymmetric stretching carboxylic groups of 
different aromatics in the extract [17,56]. In this context, it can 
be observed that the IR spectra of S1 and S2 samples are not 
exactly similar. The peaks at 721, 1,262, 1,397, 1,494, 1,767 and 
3,515 cm–1 are the characteristic bands of S1 sample indicating 
high contents of antioxidant agents. Instead, FTIR spectrum 
of S2 sample showed that most of these functional groups 
are not absorbed to the surface of the particles. The differ-
ence in the number of bands and band intensities of S1 and 
S2 samples concludes that S1 sample contains various surface 
functional groups.

The estimated surface area values of S1 and S2 samples 
measured with BET technique were found to be ~23 and 
~7 m2 g–1, respectively. These results indicated that S1 pow-
der has large surface area in comparison with the S2. These 
findings are compatible with the results of XRD peaks.

4.2. Morphology studies of ZnO-NPs

Fig. 2 shows the morphology and electron diffraction 
pattern of S1 and S2 samples. TEM images of S1 sample 
(Figs. 2(a) and (b)) show uniform particles with near spheri-
cal shape and narrow size distribution. The average particle 
size was calculated based on the average of 150 particles to be 
~3.29 nm. In contrast, the result obtained from TEM images 
for S2 sample (Figs. 2(d) and (e)) showed irregular shape par-
ticles with a wide size distribution as compared with S1 sam-
ple. The large variations of particle shapes and sizes could 
be attributed mainly to the nature of reducing agent, which 

Fig. 1. (a) X-ray diffractograms, (b) high magnification XRD pattern in the 2θ range 31°–38°, (c) UV-vis absorption spectrum and 
(d) FTIR spectrum of as-synthesized ZnO-NPs using Dragon’s blood extract (S1) and ZnO-NPs synthesized using NaOH (S2).
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had changed the environment of the nucleation and particle 
growth. These findings correlate well with the results of XRD 
patterns of the crystallite size calculated by Scherer equation 
(Figs. 1(a) and (b)). It is important to know that organic sol-
vent (e.g., ethanol) could enhance the extraction of biologi-
cally effective groups by creating a large number of hydroxyl 
and carboxyl ions, which contribute in numerous secondary 
reactions leading to the formation of more active functional 
groups. These groups make chelating sites with Zn ions due 
to their ability to donate electrons and create complex com-
pounds [58]. Therefore, they nucleate on the surfaces of ZnO-
NPs in the early step of the particle growth and hinder the 
aggregation of the fine particles. The uniform distribution 
of the ZnO-NPs is attributed to the repulsion forces gener-
ated between the particles and phenolic functional groups 
present in the extract [42,59]. These forces are stronger than 
the electrostatic attraction forces between adjacent particles 
themselves. Therefore, uniform and well-dispersed particles 
were obtained.

Figs. 2(c) and (f) show selected area electron diffraction 
(SAED) patterns of S1 and S2, respectively. The results con-
firmed the hexagonal structure of ZnO-NPs and polycrystal-
line nature of the samples. The results also suggested that the 
presence of a thin film of functional groups on the surface of 
ZnO-NPs could alter the crystallinity of particles. Scanning 
electron micrographs (SEM) of the bulk particles of S1 and 

S2 samples were shown in Figs. 3(a) and (b), respectively. 
The features (shapes and size) of the particles were similar to 
those obtained by TEM micrographs. The particles of S1 sam-
ple (Fig. 3(a)) had regular shapes and sizes while the particles 
of the S2 sample (Fig. 3(b)) had irregular shapes and wide 
range of particles size distribution. The inset photographs 
(Fig. 3) are related to S1 and S2 powders. The photographs 
indicate a slight change of powder colour arising from the 
red extract, which is plausibly coated on the surface of the 
particles. These results are in line with the IR results of S1 
(Fig. 1(d)).

4.3. Solubility/leaching of Zn into water

Zn is an important trace element in the human body. The 
daily dietary requirement of Zn is 15–22 mg, ingested mostly 
throughout the food system [31,60]. The use of ZnO-NPs in 
the water purification systems attains significance owing to 
the high acceptable concentration of Zn in drinking water 
(5 mg L–1 based on the World Health Organization (WHO) 
regulations of drinking water) [60]. More than that, the low 
cost, bioavailability and easy processing are also advan-
tages for designing real adsorbents based on ZnO-NPs. In 
contrast, pristine ZnO-NPs are chemically unstable in the 
water and their transportation rate increases as the particle 
sizes decreases [15–19]. Hence the use of pristine ZnO-NPs 

Fig. 2. (a, b) and (d, e) are TEM micrographs showing the geometry of S1 and S2 samples, respectively, (c, f) are SAED patterns of S1 
and S2 samples, respectively.
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as adsorbents for water purification could release second-
ary pollutants (Zn2+) to the water. Thus, it is imperative to 
overcome this issue while considering the use of ZnO-NPs as 
adsorbents in aqueous systems. This section was made exclu-
sively to address the environmental feasibility of ZnO-NPs.

Figs. 4(a)–(d) show the results of solubility/leaching of 
Zn2+ ions from S1 and S2 samples as a function of contact 
time, ZnO dose and pH altering. The results inferred that the 
solubility of Zn ions in water is strongly dependent on con-
tact time, pH and ZnO dose. The results also indicated that 

Fig. 3. FESEM micrographs of (a) S1 and (b) S2 samples. Inset figures are photographs of S1 and S2 powders.

Fig. 4. The effect of (a) contact time, (b) ZnO dose and (c, d) pH measurements of zinc solubility in water for S1 and S2 samples.
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S1 showed the least leaching and high stability in water at all 
studied conditions. The least leaching rate of the S1 could be 
attributed to the fact that the surface-modified particles had 
low surface in contact with water molecules due to the pres-
ence of active functional groups, which impeded the release 
of Zn2+ ions in water. In fact, the contribution of long contact 
time (up to 48 h) showed a considerable Zn2+ concentration 
(> 10 mg L–1) in water samples, which indicates the low chem-
ical stability of S1 and S2 samples [59–62]. The results of pH 
altering showed that the leaching rate of Zn ions from S1 was 
far less as compared with the S2, plausibly due to the surface 
protection offered to Zn atoms by a thin film of functional 
groups as suggested by FTIR results.

The effect of the particle sizes on the solubility of the Zn2+ 
ions into water was unexpectedly different [63]. At a constant 
pH, the leaching of Zn2+ ions of S1 sample (~3 nm size) was 
observed to be quite low as compared with that of S2 sample 
(submicron size). These results deviated from a well-known 
fact that ‘smaller particles show larger solubility as compared 
with larger particles’ [14–19]. This deviation was attributed 
to the fact that the surface-modified particles had a low sur-
face area in contact with water molecules due to the pres-
ence of a thin layer of active functional groups, which inhibit 
the release of more Zn2+ ions into water. Therefore, it can be 
concluded that the green synthesis of ZnO-NPs using plant 
extract has the following advantages: (1) the synthesis of reg-
ular shaped and surface-modified ZnO-NPs, (2) it manipu-
lates the dissolution of Zn2+ ions in water and (3) enhances the 
catalytic activity of the nanoparticles.

4.4. Adsorption studies

4.4.1. pH adsorption study

Figs. 5(a) and (b) show the effect of pH altering on the 
adsorption of As(III) onto the surface of S1 and S2 adsorbents. 
These experiments were performed mainly to label the opti-
mum conditions in which As(III) removal is maximized and 
to clarify whether these conditions are consistent with those 
of real ground water or not. As discussed earlier in Zn2+ solu-
bility/leaching section, the results showed that pH variation 
is also a critical parameter for adsorption process. The results 
indicated maximum removal efficiencies for S1 (98.6%) and 
S2 (89.9%) adsorbents at pH ~5. However, As(III) removal 
below 10 μg L–1 could be achieved using only S1 adsorbent. 
The results also indicated high removal efficiencies at pH 6 
and 7 for both samples. At strong acidic solutions (pH < 5), 
the negatively charged As(III) ions interact electrostatically 
with the positively charged ZnO surfaces (the activity of H+ 

ions renders ZnO surface more positively) leading to high 
removal efficiencies. In contrast, extremely low removal effi-
ciencies were observed at strong basic solutions (pH 8–12) 
for S1 and S2 adsorbents, which could be attributed to the 
surface erosion of the adsorbent due to excess of OH groups. 
The formation of zinc hydroxide molecules is soluble in 
water and considered the main reason for the leaching of 
Zn ions into water [17]. These results revealed that the use 
of pristine ZnO-NPs for As(III) uptake at strong acidic and 
alkaline conditions is not viable.

The adsorption data were also interpreted for the time 
effect on all studied pH ranges. The results indicated that 

the adsorption of As(III) onto ZnO samples increased slowly 
up to 5 h, and reached to equilibrium at ~6 h. At this point 
the rate of adsorption became equal to the rate of desorption 
and hence no further adsorption was observed until 48 h. In 
other words, more than 95% of As(III) was adsorbed onto S1 
adsorbent (in the pH range of 5–7) as compared with the S2, 
where the removal efficiency was only 80%. From the above 
results, it could be concluded that the surface-modified ZnO-
NPs (S1 sample) had high As(III) removal and less leaching 
of Zn2+ ions at circumneutral pH range 5–8 as compared with 
pristine ZnO-NPs (S2 sample). With recognized enhance-
ments for S1sample, it can be said that both adsorbents were 
unstable in strong alkaline (pH > 9) and strong acidic (pH < 5) 
solutions. In fact, intensive studies on the surface modifica-
tion of ZnO-NPs are further required to improve the NPs 
chemistry at such conditions.

Fig. 5(c) shows the values of zeta potential (surface 
charge) as a function of pH. The point of zero charge (PZC) 
of both samples at different pH was measured by their zeta 
potential in solution to study their effect on surface charges 
of ZnO-NPs. The PZC values for surface-coated ZnO-NPs 
(S1) and pristine ZnO-NPs (S2) were observed at pH 8.3 
and 8.0, respectively. This evident difference in PZC val-
ues could be assigned to the presence of various functional 
groups of the extract as suggested by FTIR spectrum for 
S1 sample (Fig. 1(d)). The plot indicates positive charge of 
material in an acidic medium and negative charge in an 
alkaline medium. Furthermore, the results showed that 
zeta potential (mV) decreases as the pH of the solution is 
increased. The decrease rate of zeta potential with pH is 
sharper in the case of S1 than S2. The PZC results obtained 
for ZnO-NPs in the present study are in close agreement 
with the literature values 8.0 ± 0.2 [16,64]. However, it was 
reported that zeta potential parameter for ZnO nanostruc-
tures varied over a range of 7–9.5 [16]. This high PZC phe-
nomenon could be ascribed to the surface functional groups 
from the extract.

4.4.2. Adsorption dose study

Fig. 6(a) depicts the results of adsorption batch study 
with variable adsorbents (S1 and S2) doses. The experi-
ments aimed to identify the optimum adsorbent dose that 
is sufficient to effectively decrease As(III) ions in the water 
below the WHO standards (< 10 μg L–1). The selected range 
of As(III) concentrations in the present study is consistent 
with many ground water contaminated sites worldwide 
[65]. It could be observed from the graph (Fig. 6(a)) that for a 
water system contaminated with ~500 μg L–1 of As(III) ions, 
the essential S1 and S2 adsorbent doses to attain an equi-
librium state (Removal (%) > 96%) were 0.25 and 0.6 g L–1, 
respectively. These results imply that high removal effi-
ciencies depend not only on the adsorbent dose, but also on 
the surface properties of the adsorbent particles. The active 
groups on the surface of ZnO-NPs are advantageous for 
enhancing the adsorption capacity of the adsorbent, since 
the surface groups create additional adsorption sites [42]. 
The results generally inferred that adsorbents based on ZnO-
NPs are generally good adsorbents for As(III) uptake, but 
care must be paid to control the Zn2+ leaching to the water 
system.
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4.4.3. Adsorption kinetics

Fig. 6(b) shows the adsorption of As(III) by S1 and S2 
adsorbents as a function of contact time. The experiments 
were conducted using fixed adsorbent doses (0.3 g L–1) and 
As(III) concentrations (~527 μg L–1). As discussed in the pH 
effect study, the adsorption of As(III) ions increased slowly 
until 5 h and reached to equilibrium after 6 h. At this point 
the rate of adsorption became equal to the rate of desorption 
and hence plateau was reached, indicating that no further 
adsorption was observed until 48 h. Unlike S2 adsorbent, 
which exhibits slow removal (48% in 1 h); S1 adsorbent 
showed a rapid uptake and more than 90% of As(III) ions 
were removed in the same period. It is therefore concluded 
that initially the As(III) ions diffused rapidly into the low 
energy adsorption sites followed by slow diffusion of As(III) 
ions at high energy sites [42]. These experiments mutually 
confirmed the rapid and efficient removal of As(III) onto the 
surface-modified ZnO-NPs.

4.4.4. Adsorption kinetics models

Adsorption kinetics models are fundamental isotherms 
to understand the mechanism of the As(III) ions adsorbed 
onto S1 and S2. The contact time data were analysed by 
pseudo-first-order (Eq. 6) and pseudo-second-order (Eq. 
7) kinetic models. Pseudo-first-order kinetic model is 
based on physical mass transfer of As(III) ions in which the 
adsorption rate relates to the unoccupied adsorptive sites. 
Whereas pseudo-second-order kinetic model describes sur-
face adsorption in terms of chemical interactions between 
the adsorption sites on the adsorbent surfaces and adsorbate 
ions [66–69].

log logQ Q Q K te t e−( ) = ( ) − ⋅1  (6)

t
Q K Q Q

t
e e

=
⋅

+
1 1

2
2

 (7)

Fig. 5. As(III) removal efficiencies versus contact time at varying pH values using (a) S1 and (b) S2 adsorbents. As(III) concentration 
and adsorbent dose were kept unchanged during these experiments. (c) Zeta potential of ZnO-NPs suspensions (S1 and S2) at 
different pH.
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where Qt is the amount of As(III) adsorbed at time t (mg g–1), 
K1 is the equilibrium rate constant of pseudo-first-order 
adsorption, K2 is a pseudo-second-order sorption rate con-
stant (g mg–1 min–1) and Qe is the amount of As(III) adsorbed 
at equilibrium (mg g–1). K (K2 and K1) and Qe could be calcu-
lated from the intercept and slope of the plots of log(Qe–Qt) 
versus t and t/Q versus t, respectively.

Figs. 6(c) and (d) and Table 1 show that the contact time 
data did not fit to pseudo-first order. The high linear regres-
sion coefficient values (R2 = 1) recommend that these data 
followed pseudo-second-order kinetic model, which sug-
gests a chemisorption process where adsorption depends 
on the number of adsorption sites on ZnO-NPs surfaces 
[67–69]. In this context, the adsorption can be explained in 
terms of attractive forces between surface functional groups 
(hydroxyl, carboxyl and amino groups) and arsenic species.

4.4.5. Langmuir and Freundlich adsorption isotherms

Langmuir adsorption isotherm is a typical method used 
commonly to estimate the adsorption capacities (Qmax) in an 

adsorbent and to quantify the adsorption mechanism. The 
linear equation representing Langmuir adsorption is given 
in Eq. (8) [70].

1 1 1 1
Q Q K C Qe L e

=
⋅









 +

max max

 (8)

where Qe and Qmax (mg g–1) are the equilibrium and maximum 
adsorption capacities, respectively. KL (L μg–1) is Langmuir 
constant. Values of Qmax and KL are calculated from the inter-
cept and slope of the linear plot of 1/Ce versus 1/Qe as shown 
in Fig. 6(e).

The results obtained from the Langmuir plot are rep-
resented in Fig. 6(e) and Table 2. Qmax values of S1 and S2 
adsorbents were calculated to be 16.13 and 8.85 mg g–1, 
respectively, while KL values were 0.014 and 0.0025 L μg–1, 
respectively. Adsorption behaviour can also be expressed 
using a dimensionless parameter called equilibrium parame-
ter (RL). The value of RL relies on the Langmuir constant (KL) 

Fig. 6. (a) Adsorption dose study, (b) adsorption time study, (c) pseudo-first-order model, (d) pseudo-second-order model, 
(e) Langmuir adsorption isotherm and (f) Freundlich adsorption isotherm of ZnO adsorbents (S1 and S2) and As(III) adsorbate.

Table 1
Characteristic kinetics of pseudo-first-order and pseudo-second- 
order models of ZnO NPs adsorbents and As(III) adsorbate

Pseudo-first-order isotherm Pseudo-second-order 
isotherm

Parameter S1 S2 Parameter S1 S2

R2 0.641 0.85 R2 1 1
Qe 7.3 6 Qe 2.09 0.867
K1 –0.009 –0.01 K2 2.38 1.83

Table 2
Langmuir and Freundlich adsorption parameters of ZnO 
adsorbents (S1 and S2) and As(III) adsorbate

Langmuir adsorption isotherm Freundlich adsorption 
isotherm

Parameter S1 S2 Parameter S1 S2
R2 0.944 0.994 R2 0.992 0.972
Qmax (mg g–1) 16.13 8.85 Kf 10.23 2.17
RL 0.12 0.42 N 0.991 1.43
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and initial As(III) concentration (Co) and can be calculated 
based on Eq. (9) [71].

R
K CL
L o

=
+
1

1
 (9)

If value of RL is between 0 and 1, the adsorption is consid-
ered favourable. Since the values of RL in the present analysis 
were 0.12 for S1 and 0.42 for S2 adsorbents, hence it is an 
indication to favourable adsorption.

Freundlich isotherm is also widely used model to explain 
the way of adsorbate diffusion into adsorbent surfaces. 
Linear equation representing Freundlich isotherm is given in 
Eq. (10) [72].

log log logQ K
n

Ce f e( ) = ( ) + ( )1  (10)

where Kf is the specific adsorption capacity in mg g–1, while 
1/n is the adsorption intensity. The values of Kf and 1/n can be 
obtained from the intercept and slope of the plot log (Qe) ver-
sus log(Ce), respectively. Fig. 6(f) shows the linear regression 
coefficients of Freundlich isotherm plots (R2 = 0.995 and 0.972) 
of adsorbents S1 and S2, respectively. The specific adsorption 
capacities (Kf) calculated using Freundlich isotherm (Table 2) 
were found to be 10.23 and 2.17 mg g–1 for S1 and S2, respec-
tively. Whereas the values of 1/n were calculated to be 0.995 
for S1 and 1.43 for S2. In general, 1/n values from 0 to 1 give 
a measure of the degree of heterogeneity of adsorption sur-
face. The closer the value of 1/n to 0, the more heterogeneous 
is the surface and vice versa. Based on the high value of 1/n 
for S1 (0.995) and out of range for S2 (1.43), it can be inferred 
that S1and S2 adsorption data could be fitted to Langmuir 
isotherm suggesting monolayer mechanism.

5. Conclusions

A green synthesis approach by using Dragon’s blood 
was conducted to obtain surface-modified ZnO nanostruc-
tures with average particle sizes of ~3.5 nm. The results 
were compared with pristine ZnO particles synthesized 
at similar conditions but without the extract. XRD results 
showed pure ZnO phase for both samples. FTIR measure-
ments confirmed the surface ligands of the samples. Electron 
microscopy confirmed the role of extract molecules on the 
morphology and crystallinity of particles. The samples were 
used as adsorbents for the removal of As(III) ions from water 
and simultaneous measurements of Zn2+ ions leaching rate to 
the water. The results showed that coated ZnO-NPs exhibit 
high stability in water and strong adsorption affinity as com-
pared with pristine particles at all conditions studied. These 
improved properties were attributed to the surface function-
ality of the particles due to the extract effect. Qmax of S1 and 
S2 samples was calculated (based on Langmuir isotherm) at 
16.13 and 8.85 mg g–1, respectively. By considering the exper-
imental and isotherm adsorption results, the adsorption 
of As(III) on to ZnO-NPs suggested a chemical adsorption 
mechanism (monolayer adsorption). This assumption was 
also supported by adsorption kinetic results. The results of 
Zn leaching into water inferred that pristine ZnO adsorbent 
are unstable in strong alkaline and acidic conditions. This 

study suggests that for more safety, the use of pristine ZnO-
NPs as adsorbents at these conditions is unviable. However, 
breakthrough impeding of ZnO leaching to water via surface 
functionalizing suggested safe use of ZnO NPs for water 
purification systems. More studies in this context are also 
recommended for minimizing Zn2+ ions’ leaching and there-
fore ensuring safe use of ZnO in water interface systems.
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