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a b s t r a c t
This study aims to develop a process based on the UV irradiation of iodide (UI) to create reducer 
agents for photo-precipitation of the chromate. To perform the RSM-based optimization, the R 3.0.3 
software was employed. A central composite design function was implanted that could fit and model 
a standard response surface into the coded experimental data. According to the highest R2 value (mul-
tiple R2: 0.9986 and adjusted R2: 0.9974), the lowest P-value (2.2 × 10–16), the lowest AIC (12.27), and 
the most insignificant lack-of-fit (0.6711) corresponding to the second-order model were chosen for 
optimization. Based on this model, the stationary for iodide dose (mg L–1), pH, time (min), and initial 
Cr concentration were 0.3 mg L–1, 7, 50 min, and 0.5 mg L–1, respectively, and photo-precipitation 
performance reached to 94.42%. Base on this pseudo-first-order kinetic model, the observed rate con-
stant (kobs) and the related rate (robs), respectively altered from 5.67 to 15.21 min–1 and from 0.3317 to 
2.372 mg L–1 min–1 by the increase of Cr concentration from 5 to 20 mg L–1. Also, with increasing of Cr 
concentration from 5 to 20 mg L–1, EEO increased from 5.67 to 15.21 (kinetic model) and from 5.11 to 
18.45 (figure-of-merit model) kW h m–1.
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1. Introduction

Chrome is one of the most serious environmental con-
taminants, with various oxidation of 6 to –2 [1–3]. In an 
aquatic system, hexavalent chromium (Cr (VI)), such as 
chromate [CrO4

2•−, HCrO4
−], is highly mobile and soluble 

reactive that can influence large-volume aquifers, and affect 
biological systems due to its strong oxidizing properties 
[4,5]. Hexavalent chromium, Cr(VI), is a common contam-
inant in soil and groundwater and is classified as a signifi-
cant pollutant by the US Environmental Protection Agency 
(EPA) [6,7]. It is more toxic (about 500–1,000 times) than 

Cr(III) [8,9]. The EPA has recommended a maximum con-
taminant level of 0.1 and 0.05 mg L−1 for Cr(VI) for inland 
surface and potable waters, respectively. A few processes 
have been applied for the removal of heavy metals from 
industrial wastewaters [10–13]. Several typical methods are 
usually applied to eliminate or lessen the concentration of 
Cr(VI) and heavy metals, including adsorption onto solid 
adsorbents [14–16], magnetic nanocarbon [17], reduction 
[18,19], electrochemical processes [20], membrane filtration 
[21], precipitation [22], ion exchange. Scientists are studying 
new and alternative technologies to develop efficient and 
cost-effective treatments for the removal of such pollutants. 
To overcome these problems, the application of UV-based 
reduction presents several advantages including being 
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done in one-step, being done in situ, being pH-independent, 
involving fast mass transfer and complete ions elimination 
and molecules [23]. Typically, the generation of the reductive 
agents requires the addition of some inorganic anions such 
as sulfite, carboxyl, or iodide that are commonly found in 
the well waters [23,24]. Compared with other anions, iodide 
has two important advantage (1) much more efficiently 
of UV light adsorption (εi, 254 = 220 M–1 cm–1 according to  
Eq. (1) and high quantum yields of eaq

− (e.g., 0.286 mol E–1 at 
253.7 nm) [25,26].

I− + hν254 → I–*CTTS → I–+ eaq
− (1)

RSM can optimize the conditions of various experimen-
tal processes by using a limited set of data. To perform an 
RSM-based optimization, the following steps were followed. 
First, the experimental data were coded and the coded values 
were implemented to create an experimental design. Then, a 
model of the associated response surface was fitted into the 
coded data to obtain the modeled response. Finally, the con-
ditions were optimized [27]. Therefore, the present study was 
undertaken: (1) performance and efficiency of hexavalent 
chromium precipitation by the I–/UV process, (2) effects of 
the typical factors on I– radical/UV process and optimization 
them with RSM, (3) energy consumption estimates and kinet-
ics of hexavalent chromium precipitation by I–/UV process, 
(4) effect of co-present species in water matrix on I–/UV pro-
cess, (5) mechanisms involved in the precipitation of hexava-
lent chromium preliminarily by I–/UV process, (6) produced 
sludge in I–/UV process.

2. Martial and methods

2.1. Materials and reactor set up

Ultra-pure sodium iodide was obtained from Alfa Aesa 
Co., (Massachusetts, USA, 99.5% purity). Other analytic-
grade chemical reagents were obtained from Sinopharm 
Chemical Reagent Co., Ltd., (Shanghai, China, 99.5% 
purity). Deionized water was used throughout the work. 
The photocatalytic experiments were performed in a sealed 
reactor made of tubular glass with 150 mL capacity. To 
irradiate UV light on the examined samples, the photoreactor 
was covered with a quartz sleeve that was placed in the 
central part of the reactor and contained a low-pressure 
mercury lamp (UVC; 90%) with 87 μW cm–2 radiation flux 
and 11 W power. The distance between the lamp and the 
surface of the quartz sleeve was adjusted to 1 cm and the 
lamp radiated 254 nm rays. The intensity of the irradiated 
UV light was measured by a UVC 512 light meter. Fig. 1 
presents the schematic view of the photo-reactor setup.

2.2. Analytical methods

To optimize the photocatalytic process, the effect of pH 
(3–10), initial Cr concentration (100–300 mg L–1) and reaction 
time (5–20 min) on the photo-reduction of Cr were evaluated. 
To determine the extent of Cr reduction, the unreacted Cr 
molecules were separated by an atomic adsorption instru-
ment. After measuring Cr concentration of the treated sam-
ples based on standard methods, the extent of Cr reduction 
was calculated through Eq. (2), in which Cr0 and Crt are, 

respectively, the concentration of Cr (mg L–1) at the start and 
time t of the reaction.

Cr reduction
Cr Cr

Cr
=

−0

0

t  (2)

Further, the reaction participants, that is, the reducing 
agents, were identified and approved by adding 50 mg L–1 
of several electron acceptors to the reactor. The carbon 
tetrachloride, carbon disulfide electron acceptors were meant 
to act as reductive agent scavengers [28,29]. In addition, the 
effect of the Cl–, NO3

–, HCO3–, and SO4
2– anions on photo-

reduction of Cr was evaluated by ion chromatography.

2.3. Experimental design and optimization of the parameters

RSM optimizes the operating conditions with respect to a 
limited set of experimental data. In a typical RSM procedure, 
the experimental data are coded, the coded data are used to 
generate a design, a model of response surface is fitted into 
the data, the modeled response is displayed, and finally, 
the conditions are optimized [30]. The R 3.0.3 software was 
employed to perform RSM-based optimization. In the soft-
ware, a central composite design (CCD) function is imple-
mented that can fit and model a standard response surface 
into the coded experimental data. In this study, iodide dose 
(X1), pH (X2), the time (X3), and initial concentration of Cr (X4) 
were considered as the k independent variables in the CCD 
function [31,32]. These four variables are given in Table 1.

In total, 28 CCD runs including 16 (k2) factorial points 
and 8 (2k) center points and 4 (k) axial points were designed. 
Then, the experimental methods were used to determine 
the output-dependent response, that is, the reduction 
efficiency (ϒ), for each CCD run. In general, the R software 
takes advantage of three RSM models including the first-
order response-surface (FO) model, the model of two-way 
interactions (TWI), and the full second-order (FSO) model. 
To determine the most proper response surface model, the 
experimental data were fitted into the three FO, TWI, and 
FSO models, and the best model was chosen for further 
analysis to achieve a reduced model and optimization of the 
reduction process [33]. The quality of the fitted models was 
assessed by the P-value, F-value, lack-of-fit, and multiple 
R-squared (R2) statistical measures. According to these 
statistical measures, the model that had a smaller p-value, 
lower AIC, a greater F-value, insignificant lack-of-fit (or 
more lack-of-fit), and a higher R2 was selected. The Akaike 
information criterion (AIC) is a relative quality estimation 
of statistical models for the given data set. Given the set of 
models for data, AIC estimates the quality of each model 
relative to each other. Therefore, AIC provides a tool for 
selecting a model. Furthermore, sufficient reliability of the 
fitted models was confirmed by ANOVA analysis [30,33]. 
Eq. (7) was adopted to correlate the independent variables 
to the experimental value of reduction efficiency (ϒ):

ϒ = +
=
∑ +

=
∑ +

=

−
∑

=
∑ +

0
1 1

2
1

1

1
b ib

i

k
iX iib
i

k
iX i

k
ijb

j

k
iX jX C  (3)

Here, b0 is a constant value, bi, bii, and bij are the regres-
sion coefficients for the linear, second-order, and interactive 
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effects, respectively, Xi and Xj refer to the input variables  
that influence the response, and c is the random error. Finally, 
the effective parameters were implemented in the solver 
 utility of Excel to optimize the reduction conditions in the 
framework of the model equation suggested by RSM [32].

2.4. Kinetics and energy consumption

As it is almost impossible to quantify the photo-gener-
ated oxidative and reductive agents, the pseudo-first-order 
(PFO) kinetics model was adopted to study the kinetics of 
Cr-reduction. Based on this model, the observed reaction rate 
constant (kobs) and rate (robs) were extracted from Eqs. (4) and 
(5), respectively.

ln obs

C
C

k tt

0

= −  (4)

r kobs obs CrC= −  (5)

Energy consumed for Cr reduction in the photo-
reaction was estimated using the figure-of-merit scheme 
developed by the IUPAC [34]. Accordingly, electrical 
energy per order (EEO) was calculated by considering that 
EEO equals to the amount of electrical energy (kWh) that 
should be consumed to remove almost 90% of the pollutant 
from 1 m3 of solution [35]. Thus, Eq. (5) was used by 
considering P (kW), t (min), and V (L) as the rate power of 
the photo-reactor system, the irradiation time, and solution 
volume inside the reactor, respectively. In addition, EEO was 
estimated from the kinetics data by combining Eqs. (4) and 
(6) in the form of Eq. (7).

E P t

V C
C
i

f

EO =
× ×

× ×

1 000

60

,

log
 (6)

E P
V KEO

obs

=
×
×
38 4.  (7)

3. Results and discussion

3.1. CCD design and fitting a response-surface model

The un-coded values of the independent variables and 
the predicted and experimental values of the dependent 
response, that is, reduction efficiency, according to the 28 
runs of CCD are listed in Table 2.

The coded experimental data were fitted into the three 
FO, TWI, and FSO models. The modeling results and the 
related statistical measures, including lack-of-fit, F-statistic, 
R-squared, adjusted R-squared, AIC, and p-value, are sum-
marized in Table 3.

The determined terms of the models were used to 
specify the response-surface portions of the models. 
Since the employed dataset was comprised of the coded 
data, the models provided some information about 
the direction of the steepest ascent as the stationary 
points. The presence of the stationary points indicated 
an approximate set of optimal conditions in the RSM 
evaluations. Lack of fit measures variations in the data 
around the fitted model. This measurement should be 
insignificant for a well-fitted model [36]. Comparison of 
the statistical results of the three applied models showed 
that the three models involved insignificant lack-of-fit 
with small p-values (Table 3) while lack-of-fit of the FSO 
model was higher level. Consequently, it was not required 
to describe these models based on their information about 
the un-coded stationary points. To achieve a model with 
a higher level of lack-of-fit insignificance, the obtained 
models were reduced. In this way, the X4 variable of the 
PQ term and X2, X3 variables of the TWI term of the full 
second-order model were removed. The lack-of-fit value 
of the resultant full second-order model was insignificant 
and its p-value was about 0.6711, which indicated a well-
fitted model.

3.2. Regression analysis

Table 4 presents the ANOVA results of the CCD. 
According to Table 4, the highest R2 value (multiple 
R2: 0.9986 and adjusted R2: 0.9974), the lowest P-value 
(2.2 × 10–16), the lowest AIC (12.27) and the most insignificant 
lack-of-fit (0.6711) correspond to the second-order model. 
Therefore, the RFS model is the most appropriate model for 
describing uptake of Cr ions by PCR, and it can be employed 
for optimization and prediction of the reduction process. 
The regression results of the quadratic RFS model with the 
un-coded values of the four X1–X4 variables are reported 
below. The equations that resulted from implementing the 
actual parameters in the quadratic model are:

Final equation in terms of actual factors:

ϒ =  66.09571 + 6.99167X1 + 6.335X2 + 17.87X3 –  
16.78833X4 – 4.7X1X2 – 2.61X1X3 – 8.435X1X4 +  
1.9X2X3 – 22.574X1

2 – 11.364X3
2 + 15.52595X4

2 (8)

Table 1
Actual and coded values of the independent variables used for experimental design

Variable Symbol Coded level

–α –1 0 +1 +α

Real values

Iodide dose (mg L–1) X1 0.1 0.2 0.3 0.4 0.5
pH X2 4 5.5 7 8.5 10
Time (min) X3 10 30 50 70 90
Cr concentration (mg L–1) X4 0.5 1.5 2.5 3.5 4.5
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3.3. Process optimization and confirmation

As mentioned above, the RFS model was selected as the 
best-fitted model. Consequently, the RFS model was adopted 
to optimize the process. Based on this model, the stationary 
points for iodide dose (mg L–1), pH, time (min), and initial 
Cr concentration were 0.3 mg L–1, 7, 50 min, and 0.5 mg L–1, 
respectively. These stationary points can be considered as 

approximations of the optimal conditions. By performing 
simultaneous optimization of the four parameters, the max-
imum reduction efficiency was obtained as 94.43% at the 
experimental conditions. The optimal condition determined 
by RSM was validated by carrying out an additional exper-
iment. As Table 5 shows, the experimental response and the 
value predicted by the RFS model was close (error: 2.11% and 
standard deviation: ±2.42%).

Table 2
Values of the experimental and predicted removal efficiencies

Run Iodide dose (mg L–1) pH Time (min) Cr concentration (mg L–1) Reduction Fit predict lwr Upr

1 0.30 7.00 50.00 2.50 66.25 66.10 64.46 67.73
2 0.20 5.50 30.00 1.50 51.79 51.17 49.25 53.09
3 0.40 8.50 70.00 3.50 65.42 65.58 63.66 67.50
4 0.30 7.00 50.00 2.50 66.61 66.10 64.46 67.73
5 0.20 8.50 70.00 1.50 78.98 78.81 76.89 80.73
6 0.20 5.50 70.00 1.50 69.69 69.52 67.60 71.44
7 0.30 7.00 50.00 2.50 67.52 66.10 64.46 67.73
8 0.20 5.50 30.00 3.50 38.58 38.38 36.46 40.30
9 0.40 8.50 70.00 1.50 86.53 86.36 84.44 88.28
10 0.30 7.00 50.00 2.50 65.52 66.10 64.46 67.73
11 0.20 8.50 30.00 1.50 58.72 58.56 56.64 60.48
12 0.20 8.50 30.00 3.50 46.19 46.46 44.54 48.38
13 0.40 8.50 30.00 1.50 69.53 68.72 66.80 70.64
14 0.40 5.50 30.00 1.50 66.08 66.04 64.12 67.96
15 0.40 5.50 70.00 3.50 60.50 60.29 58.38 62.21
16 0.40 8.50 30.00 3.50 48.39 48.19 46.27 50.11
17 0.30 7.00 50.00 2.50 65.49 66.10 64.46 67.73
18 0.30 7.00 50.00 2.50 65.99 66.10 64.46 67.73
19 0.20 8.50 70.00 3.50 66.79 66.46 64.54 68.38
20 0.40 5.50 30.00 3.50 45.09 44.81 42.89 46.73
21 0.30 7.00 50.00 2.50 65.29 66.10 64.46 67.73
22 0.40 5.50 70.00 1.50 82.50 81.78 79.86 83.69
23 0.20 5.50 70.00 3.50 56.12 56.48 54.56 58.39
24 0.50 7.00 50.00 2.50 49.79 50.51 48.59 52.43
25 0.30 7.00 50.00 4.50 65.03 64.83 62.91 66.75
26 0.10 7.00 50.00 2.50 36.43 36.53 34.61 38.45
27 0.30 7.00 90.00 2.50 72.39 72.60 70.68 74.52
28 0.30 4.00 50.00 2.50 60.16 60.69 58.77 62.61
2 0.30 10.00 50.00 2.50 73.07 73.36 71.44 75.28
30 0.30 7.00 10.00 2.50 36.25 36.86 34.94 38.78
31 0.30 7.00 50.00 0.50 97.39 98.41 96.49 100.00

Table 3
Comparison of different models of RSM for fitting a response-surface model

Multiple  
R-squared

Adjusted  
R-squared

F-statistic p-value AIC Lack of fit

First-order response-surface 
model

0.6942 0.6471 14.75 on 4 and 26 DF 2.053e-06 97.11 1.774e-06

Two-way interactions model 0.7116 0.5675 4.936 on 10 and 20 DF 0.001187 128.41 8.115e-07
Second-order model 0.9986 0.9974 21.8 on 14 and 16 DF 2.2e-16 12.27 0.6711
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3.4. Response surface plots

Interaction effect of the dependent variables on the pho-
to-precipitation efficiency is expressed by the contour plot-
ting. Solution time is most important parameters reflecting 
the reduction capacity of Cr by UV methods. As shown in 
Fig. 2a, the photo-precipitation rate improves with increasing 
time. However, it reduces the efficiency due to increasing of 
Cr concentration prevention of light passage. As indicated in 
Figs. 2b and c, by increasing the concentration of the iodide 
the photo-precipitation rate was improved. Nevertheless, 
with the increasing iodide and Cr concentration, the effi-
ciency decreased and the reason could be lack of adequate 
iodide for the chromium reduction. As seen in Fig. 2c, with 
the increasing of pH, the photo-precipitation was improved. 
In addition, by increasing the time, the percentage of pho-
to-precipitation increased, and at interaction of time-pH, 
this increase was improved. The reaction is facilitated by 

increasing the process time of transforming the iodide into 
hydrate electrons, which improved the photo-precipitation 
of chromium from the solution. So that, altering the pH level 
of the Cr solution from 3 to 11 increases the photo-precipi-
tation efficiency of this method. The low pH values electron 
hydrate rapidity recombination with OH radical at the high.

3.5. Effect of Cr concentration, kinetics, and consumed energy

The rate and rate constants of the process were calculated 
at divers’ initial Cr concentration from 5 to 20 mg L–1 after 
2.5 to 15 min reaction time to investigate the potential of UI 
procedure in Cr photo-precipitation. As shown in Fig. 3, by 
calculating the slope of plot ln(Ct/C0) vs. t the kobs (reaction 
rate constant) was obtained. In addition, the observed rate 
(mg L–1 min–1) of Cr photo-precipitation in the photo-reactor 
is shown by robs. It should be noted that the reaction rate is 
constantly positive and a negative value due to declining 
reactant concentration. For diverse Cr concentrations, the 
PFO rates of Cr photo-precipitation through UI photoreactor 
is displayed in Table 6 [37–39]. Values of EEO were predicted 
according to the kinetic model and experimental data 
and the listed values were obtained via kinetics data [Eqs. 
(9) and (10)]. As shown in Table 6, the value of R2 is above 
0.96 that shows the reliable fit into the PFO kinetic model  
for the experimental rate data of Cr removal via the UI 
process [37]. Additionally, it specifies that in UI procedure, 
Cr initial concentration directly affected Cr removal [40]. As 
shown in Table 6, kobs (min–1) and robs (mg L–1 min–1) varies from 
0.1186 to 0.0728 and from 3.64 to 23.72, respectively, which 
is proportional to the increase in the initial concentration of 
Cr from 50 to 200 mg L–1. Because of these sensible changes, 
the probability of effective contact between the Cr molecules 
and the available reductive and oxidative species in solution 
increased with the increase in Cr concentration, and therefore 
the reaction rate was improved [41]. In addition, EEO declined 
from 11.60 to 7.12 kW h m–3 because of the enhanced effective 
contacts (increasing of reaction rate) and energy levels 

Table 4
Analysis of variance (ANOVA) for the second-order model

Model formula in RSM DF Sum of squares Mean square F-value Probability (P)

First-order response (x1, x2, x3, x4) 4 4,141.2.6 1,035.30 1,999.3751 <2.2e-16
Two-way interaction response (x1, x2, x3, x4) 6 104.2 17.37 33.5491 3.396e-08
Pure quadratic response (x1, x2, x3, x4) 4 1,712.0 428.00 826.5607 <2.2e-16
Residuals 16 8.3 0.52 – –
Lack of fit 10 4.6 0.46 0.7524 0.6711
Pure error 6 3.7 0.61 – –

Multiple R-squared: 0.9986, Adjusted R-squared: 0.9974, F-statistic: 821.8 on 14 and 16 DF, p-value: <2.2e-16

Table 5
Experimental and predicted values (by RSM) at the optimal condition

Iodide dose (mg L–1) pH Time (min) Cr6+ concentration Cr6+ reduction (%)

Predicted (%) Experimental (%)
0.3 7 50 0.5 98.41 94.34

Fig. 1. Schematic view of the photo-reactor setup.
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have been presented, since EEO amounts differed with Cr 
concentration. At higher concentrations declines the amount 
of consumed energy for Cr photo-precipitation. There is a 
similarity of EEO value related to UI procedure and reported 

values for degradation of 4 mg L–1 TCS via the electrochemical 
process (0.466–2.225 kWh m–3) [42] and carbofuran 
degradation by photocatalyst was 124.8 to 540.3 kWh m–3 
[43]. As reported in Table 6, figure-of-merit EEO varies 
from 3.76–6.69 (for 5 mg L–1) to 3.31–21.35 (for 20 mg L–1) 
kWhm3, respectively, by increasing Cr concentration from 
5 to 20 mg L–1. Similarly, by changing the concentration of 
Cr from 5 to 20, the energy consumption was from 11.60 to 
7.12 kWh m–3 and from 5.22 to 12.33 kWh m–3 in kinetic and 
figure-of-merit models, respectively.

Based on this model, the stationary points for the 
stationary points for iodide dose (mg L–1), pH, time (min), 
and initial Cr concentration were 0.3 mg L–1, 7, 50 min, and 
0.5 mg L–1, respectively, and photo-precipitation performance 
reached to 94.42%. The computational results showed that 
the increased concentration of the Cr solution from 5 to 
20 mg L–1 decreased the observed rate constant (kobs) from 
0.0634 to 0.1186 min–1 while it increased the photoreaction 
rate (robs) from 0.3317 to 2.372 mg L–1 min–1. Finally, varying 
the Cr concentration from 5 to 20 mg L–1, increased EEO from 
5.67 to 15.21 (kinetic model) and from 5.11 to 18.45 (figure-
of-merit model) kW h m–1.

 

 

(c)

(b) (a) 

Fig. 2. Response surface plot of the Cr reduction as the function of (a) Cr concentration/time, (b) Cr concentration/iodide dose, and 
(c) pH/time.

Fig. 3. ln(Ct/C0) vs. t to calculate reaction rate constant (at optimal 
condition).
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4. Conclusions

In this work, iodide was stimulated by UV irradiation 
with 254 nm wavelength to create reducer species (H, I– 
radicals, and eaq

–), and thus the chromate was precipitation. 
In this study, the effect of iodide dose (X1), pH (X2), the time 
(X3), and initial concentration of CrVI (X4) was investigated. 
Based on modeling and optimization by R software, the 
stationary points for the stationary points for iodide dose 
(mg L–1), pH, time (min), and initial Cr concentration 
were 0.3 mg L–1, 7, 50 min, and 0.5 mg L–1, respectively. 
The computational results showed that the increased 
concentration of the Cr solution from 5 to 20 mg L–1 
decreased the observed rate constant (kobs) from 0.0634 to 
0.1186 min–1 while it increased the photoreaction rate (robs) 
from 0.3317 to 2.372 mg L–1 min–1. Finally, varying the Cr 
concentration from 5 to 20 mg L–1, increased EEO from 5.67 
to 15.21 (kinetic model) and from 5.11 to 18.45 (figure-of-
merit model) kWh m–3. This method is a feasible and simple 
operation that can apply in industrial-scale especially in a 
water well in urban to protect from people.
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