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Abstract Absorption of nitric oxide from nitric oxide /air

mixture in hydrogen peroxide solution has been studied on

bench scale internal loop airlift reactor. The objective of

this investigation was to study the performance of nitric

oxide absorption in hydrogen peroxide solution in the air-

lift reactor and to explore/determine the optimum condi-

tions using response surface methodology. A Box–

Behnken model has been employed as an experimental

design. The effect of three independent variables—namely

nitric oxide gas velocity, 0.02–0.11 m/s; nitric oxide gas

concentration, 300–3,000 ppm and hydrogen peroxide

concentration, 0.25–2.5 %—has been studied on the

absorption of nitric oxide in aqueous hydrogen peroxide in

the semi-batch mode of experiments. The optimal condi-

tions for parameters were found to be nitric oxide gas

velocity, 0.02 m/s; nitric oxide gas concentration,

2,246 ppm and hydrogen peroxide concentration, 2.1 %.

Under these conditions, the experimental nitric oxide

absorption efficiency was observed to be *65 %. The

proposed model equation using response surface method-

ology has shown good agreement with the experimental

data, with a correlation coefficient (R2) of 0.983. The

results showed that optimised conditions could be used for

the efficient absorption of nitric oxide in the flue gas

emanating from industries.

Keywords Nitric oxide absorption � Response surface

methodology � Box–Behnken experimental design �
Hydrogen peroxide � Optimisation

Introduction

It is difficult to obtain the significant NOx removal effi-

ciency because of the low solubility of nitric oxide (NO)

that accounts for more than 90 % of all oxides of nitrogen

as NOx (Jin et al. 2006; Long et al. 2008) by wet removal

processes. Several authors have studied the use of various

aqueous solutions (acid urea, hydrogen peroxide, sodium

hypochlorite, sodium sulphite solutions, etc.) for the

removal of NOx (Kasper et al. 1996) in waste gases, dis-

charged from nitric acid towers, power plants, steel pick-

ling plants and organic process plants. The oxidising

process using aqueous hydrogen peroxide (H2O2) as

absorbing media appears to be suited for control of tail gas

NOx emissions from various sources, having basic advan-

tage of NO oxidation to NO2 and generation of nitric acid

for eventual reuse in the system (Thomas and Vander-

schuren 1997, 1998).

In absorption-based methods, it is desirable to have

knowledge of the process variables and their influence on

absorption capacity to maximise removal efficiency of the

contaminants in pre-decided absorbents. The conventional

approach for optimisation of process variables involves

many experiments to be performed, which otherwise would

be expensive and time-consuming. Moreover, it does not

reveal the influence of the interactions between the process

variables on the dependent variable (Moghaddam et al.

2011). Response surface methodology (RSM) has been

applied to optimise and evaluate interactive effects of

independent factors in numerous chemical and biochemical
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processes. Recently, several studies describe the use of

RSM in various fields such as in biochemistry for fer-

mentation medium optimisation (Martendal et al. 2007;

Murthy et al. 2000), in material processing for describing

the performance of coated carbide tools and concrete pro-

duction (Kockal and Ozturan 2011; Noordin et al. 2004), in

pharmaceutical industry for determining influences of

parameters on formulation of physical properties on nasal

spray (Guo et al. 2008) and in water treatment for studying

the optimisation of the coagulation flocculation processes

(Ahmad et al. 2005). The application of RSM technique on

optimising the NO absorption has been envisage their

study.

In the present study, the investigation propose to use an

airlift reactor (ALR) which is modified bubble column with

draft tube to enhance liquid circulation by internal or

external loop. Difference in gas hold-up and bulk densities

in riser and downcomer sections of ALR cause liquid cir-

culation flow in an ALR (Fadavi and Chisti 2005). It is

widely used in gas absorption, chemical and biochemical

processes. Recently, much attention has been paid to ALRs

because of the many advantages such as simple construc-

tion, no moving parts, better mixing, faster gas transfer

rates, low shear stresses, low power requirements and rel-

atively homogeneous flow pattern (Jia et al. 2006).

The objective of the present study was to investigate

the NO absorption using different concentrations of

aqueous H2O2 solutions and to find the optimum condi-

tions for an efficient NO removal in a bench scale

internal loop ALR. The Box–Behnken design has been

applied in the optimisation of experiments using RSM to

understand the effect of various operating parameters

and their interactions on NO absorption efficiency. The

optimum values of the parameters have been determined

for NO absorption.

Materials and methods

Materials and instruments

Analytical reagent grade H2O2 (30 %, w/v; Merck, India)

was used in the preparation of absorbing media. Different

concentrations of absorbing media were prepared by dis-

solving the desired amount of H2O2 in deionised water

(Millipore, Milli-Q, USA). A standard mixture of NO gas

(49.28 % v/v; Alchemie Gases & Chemicals, India) bal-

ance nitrogen was used. Flow of NO and air was controlled

with the help of mass flow controllers (McMillan, 80-SD,

USA) and rotameters, respectively. Gas analyser (Testo,

350-S, Germany) was calibrated in the experimental range

and used for measurement of NO concentration. This

analyser is portable extractive electrochemical sensor-

based gas analyser, which provides continuous measure-

ments over long duration.

Experimental

Figure 1 shows schematic diagram of a bench scale inter-

nal loop ALR assembly for NO gas absorption. A reactor

comprises of two cylindrical perspex columns. The overall

height of the reactor was 2.35 m; height of outer column

was 1.71 m with internal diameter 0.098 m. The height of

draft tube was 1.05 m, and internal diameter was 0.072 m.

The column is equipped pressure taps at annulus and riser

region for the measurement of pressure drop. The circular

perforated air sparger having 1-mm holes in concentric

circle with pitch of 5 mm was employed. The mixture of

NO and air at atmospheric pressure and room temperature

(30 �C) was fed in ALR column for NO absorption. Dif-

ferent NO concentrations were fed to ALR by mixing the

gas with compressed air in different ratios. The inlet and

outlet concentration of NO were monitored by the gas

analyser. The concentration measurements were taken

continuously at every 1-min interval. NO sensor works

according to the electrochemical principle of ion selective

potentiometry. Concentration of NO is determined in terms

of current flow in external circuit generated from chemical

reactions occur with the aid of oxygen from fresh air at the

counter electrode where H? ions are migrating from

sensing electrode. H? ions are formed as a result of

chemical reaction that takes place when the NO molecule

pass through the gas-permeable membrane to sensing

electrode of the sensor filled with an aqueous electrolytic

solution. The reference electrode is used to stabilise the

sensor signal.

The per cent NO removal was calculated for each run by

following expression:

% NO removal ¼ Ci � Cf

Ci

� 100 ð1Þ

where Ci (ppm) is the initial or inlet concentration, and Cf

(ppm) is the final or outlet concentration. All the experi-

ments were run for 120 min.

Response surface methodology

Response surface methodology (RSM) is a collection of

mathematical and statistical techniques that are useful for

developing, improving and optimising processes and can

be used to evaluate the relative significance of several

parameters and their effects even in the presence of com-

plex interactions. RSM involves the following advantages:

(1) it provides more information on the experiment than

unplanned approaches; (2) it reduces number and cost of

experiments; (3) it makes possible to study the interactions
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among experimental variables within the range studied,

leading to a better understanding of the process; and (4) it

facilitates to determine operating conditions necessary for

the scale-up of the process. Its greatest applications have

been in industrial research, particularly in situations where

most of variables influencing the system feature (Mont-

gomery 1996; Myers and Montgomery 2002).

The Box–Behnken design optimises the number of

experiments to be carried out to ascertain the possible

interactions between the parameters studied and their

effects on the absorption of NO. Box–Behnken design is a

spherical, revolving design; it consists of a central point

and the middle points of the edges of the cube circum-

scribed on the sphere (Evans 2003).

Experimental design for absorption studies

In order to obtain the optimum condition for NO absorp-

tion, three independent parameters were selected based on

the literature available. These are presented in Table 1. The

operating ranges for NO gas velocity (X1), initial NO

concentration (X2) and H2O2 concentration (X3) were

determined by an iterative method. Initially, a few pre-

liminary experiments were carried out using the range of

variables from 0.06 to 0.15 m/s, 300 to 3,000 ppm and 1 to

5 % for X1, X2 and X3, respectively. The final range of

parameters was determined from analysis of the data by

plotting contour graphs indicating maxima and minima on

the entire range. In the case of velocity and H2O2

concentration, finer region of interest was selected by

narrowing the range of variables. The relationship between

the parameters and response was determined using Box–

Behnken design under RSM. In this study, the experimental

plan consisted of 15 trials, and the independent variables

were studied at three different levels, low (-1), medium

(0) and high (?1). A Box–Behnken experimental design

has the advantage of requiring fewer experiments (15

batches) than that would require in a full factorial design

(27 batches). Box–Behnken design presents an approxi-

mately rotatable design with only three levels per variable

and combines a fractional factorial with incomplete block

design excluding the extreme vertices. The Box–Behnken

design has good performance with less error. The per-

centage of NO removal is taken as a response (Y) of the

experimental design.

In the optimisation process, the responses can be simply

related to chosen variables by linear or quadratic models. A

quadratic model, which also includes the linear model, is

given below:

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

Xk

i¼1

Xk

j¼1

bijxixj þ e

ð2Þ

where Y is the response and x1, x2,…, xk are the coded

independent variables, bi, bj and bij are the linear, quadratic

and interaction coefficients, respectively. b0 and e are the

constant and the random error, respectively.
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Fig. 1 Schematic diagram of

NO absorption in airlift reactor
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Statistical analysis

The significance of the independent variables and their

interactions was tested by the analysis of variance

(ANOVA). Results were assessed with various descriptive

statistics such as t ratio, p value, F value, degrees of

freedom (df), coefficient of variation (CV), correlation

coefficient (R2), adjusted correlation coefficient (Radj
2 ), sum

of squares (SS), mean sum of squares (MSS), Mallow’s Cp

statistic and chi-square (v2) test to reflect the statistical

significance of the quadratic model. The standardised

effects of the independent variables and their interactions

on the dependent variable were also analysed by preparing

a Pareto chart. For the validation of the quadratic model, a

nonparametric Mann–Whitney U test and a parametric

two-sample (unpaired) t test were conducted to evaluate the

relationship between the validation data and the corre-

sponding model predicted responses. The Design-Expert

(trial version 8.0.5, Stat-Ease Inc., USA) software package

was used for regression analysis of experimental data, and

to plot response surface.

Validation experiments

The mathematical model generated during RSM imple-

mentation was validated by conducting additional experi-

ments for different combinations of the three independent

variables in a random fashion, each within its respective

experimental range.

Results and discussion

Statistical evaluation

In order to study the effects of three independent variables

on the absorption efficiency of NO, semi-batch runs were

conducted at different combinations of the process

parameters using Box–Behnken designed experiments. The

NO gas concentration range studied was between 300 to

3,000 ppm. The gas velocity varied between 0.02 and

0.11 m/s. The concentration of H2O2 solution kept between

0.25 and 2.5 %. Table 2 contains the results along with the

experimental conditions. By applying multiple regression

analysis on the design matrix and the responses given in

Table 2, established approximate function for absorption

efficiency applicable for reactor in the present study in

uncoded form is given in Eq. (3)

Y ¼ 17:8467 � 308:32X1 þ 0:0209X2 þ 28:1032X3

þ 940:535X2
1 � 4:93� 10�6X2

2 � 6:1554X2
3

þ 2:8 � 10�2X1X2 � 76:59X1X3 þ 7:9 � 10�4X2X3

ð3Þ

where Y is the NO absorption efficiency, X1, X2 and X3 are

corresponding uncoded variables of NO gas velocity, gas

concentration and H2O2 concentration, respectively.

The summary of ANOVA of the regression model pre-

sented in Table 3 indicates that the model equation can

adequately be used to describe the absorption of NO under

a wide range of operating conditions. F value of 33.11

which was found to be greater than the tabulated value

(Ftab = 4.1) implies that the model is significant for

absorption of NO. For the fixed model, adequate precision

can be ensured with a signal-to-noise ratio[4. An adequate

precision of 20.04 suggests the ability of model to precisely

navigate through the design space. The low probability

value (p model [ F = 0.0006) \0.05 indicates quadratic

model is highly significant.

The goodness of fit of the model was checked by cal-

culating the regression coefficient (R2). A fairly high value

of R2 (0.983) suggests that most of the data variation was

explained by the regression model. Moreover, a closely

high value of the adjusted regression coefficient

(Radj
2 = 0.954) indicates the capability of the developed

model to satisfactorily describe the system behaviour

within the studied range of operating parameters, as simi-

larly reported by others (Can et al. 2006). According to the

literature, Radj
2 corrects R2 for the sample size and the

number of terms in the model; for example, many terms in

the model and small sample size might cause that

Radj
2 \\ R2, which is not obtained in our study. A similar

pattern has been reported by others for the second-order

RSM experiments based on Box–Behnken (Khajeh 2011)

and central composite (Liu et al. 2004) designs. Further, a

relatively low value of the coefficient of variation

(CV = 7.92 %) indicates good precision and reliability of

the conducted experiments.

Table 1 Experimental range and levels of variables

Variables Code Unit Range and levels

Low level (-1) Centre level (0) High level (?1) Step change (DXi)

Gas velocity X1 (m/s) 0.02 0.065 0.11 0.045

Gas concentration X2 (ppm v/v) 300 1,650 3,000 1,350

H2O2 concentration X3 (% w/v) 0.25 1.35 2.5 1.1
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The v2 test was also carried out to check whether there

was a significant difference between the expected respon-

ses and the observed data. The calculated v2 value

(vcal
2 = 1.59) was found to be less than the tabulated value

(vtab
2 = 23.69), suggesting that there was insignificant dif-

ference between the observed and the expected responses.

The v2 test concluded with 95 % certainty that the qua-

dratic model provided a satisfactory fit to the experimental

data.

The diagnostic plots shown in Fig. 2 were used to

estimate the adequacy of the regression model. Figure 2a

shows the experimental and the predicted NO absorption.

The observed and predicted values of NO absorption effi-

ciency are in well agreement. The points cluster around the

diagonal line indicates a good fit of the model. The normal

probability of the residuals (Fig. 2b) suggests almost no

serious violation of the assumptions underlying the analy-

sis, and it confirmed the normality assumptions and inde-

pendence of the residuals. Moreover, the comparison of the

residuals with the error variance showed that none of the

individual residual exceeded the value twice of the square

root of the error variance. The plot presented in Fig. 2c

tests the assumption of constant variance. The points are

randomly scattered, and all values are lying within the

range of -2.15 and 2.15 (values beyond -3 and ?3 are

considered as the top and bottom outlier detection limits).

Accordingly, it was inferred that developed quadratic

equation was appropriate and is successful in capturing the

correlation between the influencing parameters of NO

absorption process.

Mallow’s Cp statistic can be used to determine terms

which can be omitted from the response surface model. For

a response surface model including all terms, Cp = p,

where p is the number of variables in the regression model

including the intercept term. For response surface models

with omitted terms, Cp * p shows a good model with little

bias and Cp B p shows a very good prediction model. The

goal is to remove terms from the response surface model

until a minimum Cp value near p is obtained. If Cp [ p, this

shows that too many terms have been removed or some

remaining terms are not necessary. In this study, Mallow’s

Cp statistic (Cp = 9.99) showed the third condition

(Cp B p and p = 10), indicating a very good prediction

model, as similarly reported by others (Khajeh 2011).

Effect of model components and their interactions

on NO absorption

The results of Student’s t test and p values conducted to

evaluate the significance of the quadratic model coeffi-

cients are listed in Table 4. Results showed that all the

linear and quadratic (except NO gas concentration, X2 and

H2O2 concentration, X3) terms are statistically significant

(p \ 0.05). All interactive terms were found statistically

insignificant. Moreover, the first-order main effects of all

Table 2 Box–Behnken experimental design matrix with variables

and NO absorption

Run

order

Coded

variables

Uncoded variables Response

x1 x2 x3 Gas

velocity

(m/s)

Gas

conc.

(ppm)

H2O2

conc.

(%)

Observed NO

absorption

efficiency (%)

1 0 0 0 0.065 1,650 1.38 48

2 0 1 1 0.02 3,000 2.50 51.3

3 -1 0 -1 0.065 1,650 0.25 39.74

4 0 1 -1 0.02 3,000 0.25 35

5 -1 1 0 0.11 3,000 1.38 57.77

6 1 0 -1 0.11 1,650 0.25 24.3

7 1 1 0 0.065 3,000 1.38 40.3

8 0 0 0 0.11 1,650 1.38 47.3

9 1 0 1 0.065 1,650 2.50 36.4

10 0 -1 -1 0.02 300 0.25 13.2

11 -1 -1 0 0.11 300 1.38 44.61

12 1 -1 0 0.065 300 1.38 20.3

13 0 0 0 0.02 1,650 1.38 48.2

14 -1 0 1 0.065 1,650 2.50 67.35

15 0 -1 1 0.065 300 2.50 24.7

Table 3 Analysis of variance (ANOVA) of the response surface

quadratic model for the prediction of NO absorption efficiency

Factor

(coded)

Sum of

squares

DF Mean

square

F value p value Remark

Model 2,972.27 9 330.3 33.11 0.0006 Significant

x1 971.74 1 971.7 97.43 0.0002 Significant

x2 831.50 1 831.5 83.37 0.0003 Significant

x3 569.70 1 569.7 57.12 0.0006 Significant

x1
2 13.39 1 13.4 1.34 0.2988

x2
2 298.61 1 298.6 29.94 0.0028 Significant

x3
2 224.09 1 224.1 22.47 0.0051 Significant

x1x2 11.70 1 11.7 1.17 0.3283

x1x3 60.14 1 60.1 6.03 0.0575

x2x3 5.76 1 5.8 0.58 0.4816

Residual 49.87 5 10.0

Lack of

fit

49.42 3 16.5 73.76 0.0134 Significant

Pure

error

0.45a 2 0.2b

Cor.

total

3,022.14 14

DF degrees of freedom
a SSE

b MSSE
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the three independent variables, namely NO gas velocity

(x1), gas concentration (x2) and H2O2 concentration (x3),

were found to be more significant than their respective

quadratic effects (x1
2, x2

2 and x3
2). The t and p value

(Tables 3, 4) suggest that the NO gas velocity, gas con-

centration and H2O2 concentration have a direct relation-

ship on the NO absorption efficiency. NO gas velocity was

found to be the most significant component of the regres-

sion model for the present application, whereas the inter-

action term between NO concentration and H2O2

concentration showed the lowest effect on the NO

absorption efficiency.

Figure 3 shows Pareto chart depicting the standardised

effects of the independent variables and their interactions

on the dependent variable. It was noted that the bar for

X1X3, X1X2, X2X3, X2
2 and X3

2 remained inside the reference

line (p-0.05) in Fig. 3, and the smaller coefficients for these

terms compared to other terms in Eq. (3), implies that these

terms contributed the least in prediction of the NO

absorption efficiency. The NO gas velocity (X1), and its

interactive terms with H2O2 concentration (X1X3), along

with the quadratic terms of gas concentration (X2
2) and

H2O2 concentration (X3
2) exhibited a negative relationship

with the NO absorption process, whereas the NO gas

concentration (X2) and H2O2 concentration (X3) along with

the quadratic term of NO gas velocity (X1
2) and interaction

terms of NO gas concentration with gas velocity (X1X2) and

H2O2 concentration (X2X3) showed a positive significant

effect on the process.

Table 4 also includes the per cent contribution (PC) of

each of the individual terms in the final model computed

using the sum of squares (SS) values of the corresponding

term. As evident from Table 4, the NO gas velocity (X1)

showed the highest level of significance with a contribution

of [32 % as compared to other components. Results

revealed that among the calculated Total Percent Con-

tribution (TPC) values, first-order terms had the highest

level of significance with a total contribution of 79.45 % as

compared to other TPC values. This was followed by the

TPC of quadratic terms with a total contribution of 17.95 %.

The TPC of interaction terms showed the lowest level of

significance with a total contribution of 2.60 %, indicating

that the interaction components showed a little effect in

prediction of the NO removal efficiency. Hence, TPC values

also proved that the first-order independent variables have a

direct relationship on the dependent variable.

Optimisation of experimental condition for NO

absorption

In order to gain better understanding of the influence of the

independent variables and their interactions on the depen-

dent variable, 3D response surface plots for the measured

responses were drawn based on the quadratic model.

Figure 4 exhibits the 3D response surfaces plots as the

functions of two independent variables keeping other var-

iable fixed at the centre level. It can be seen from Fig. 4a

Fig. 2 a Plot of the measured and model predicted values of the

response variable, b the normal probability plot of the raw residuals

c the internally studentised residuals versus predicted values plot
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that NO absorption efficiency increased with increasing

NO concentration from 300 to 2,500 ppm and then slightly

decreased with the increase in NO concentration, whereas

the reverse trend was obtained in the case of influence of

gas velocity on NO absorption efficiency. At higher gas

concentration, the absorbing media get saturated within the

experimental time frame which results in slight decrease in

NO absorption. At low values of gas velocity, the gas hold-

up increases relatively sharply with the increase in gas

velocity. Similar behaviour of gas hold-up with superficial

gas velocity has been reported by Han et al. (2005) and

Mehrnia et al. (2005). In the region of lower gas velocities,

an increase in gas velocity results in the formation of a

large number of bubbles without appreciably increasing the

bubble diameters. Therefore, at any section, the area

occupied by the gas increases thereby increasing the gas

hold-up. In the region of higher gas velocities, however,

due to formation of larger bubbles and bubble coalescence,

the rate of increase in gas hold-up with gas velocity slightly

decreases. NO absorption efficiency decreased with

increasing gas velocity (Paiva and Kachan 1998) from 0.02

to 0.11 m/s. A significant absorption was observed at NO

concentration more than 700 ppm and gas velocity

\0.06 m/s.

In theory, the increase in H2O2 concentration applied in

the NOx absorption process can be helpful to the oxidation

system according to following reactions (Thomas and

Vanderschuren 1997, 2000).

The possible NO absorption reactions are:

2NO þ 2H2O2 ! 2NO2 þ 2H2O ð4Þ
2NO2 þ H2O2 ! 2HNO3 ð5Þ

Overall reaction is

2NO þ 3H2O2 ! 2HNO3 þ 2H2O: ð6Þ

From Fig. 4b, it is evident that NO absorption efficiency

increased with increasing H2O2 concentration. However,

absorption efficiency slightly decreased when increasing

H2O2 concentration from 0.25 to 2.5 % at higher velocities.

Considerable absorption can be seen at H2O2 concentration

more than 0.7 % and gas velocity\0.06 m/s. Upto *66 %,

absorption was determined at 2 % H2O2 concentration and

gas velocity 0.02 m/s. Reason may be that at lower velocity,

the liquid–gas contact time for bubbles in riser and

downcomer of the reactor is more. As the H2O2

concentration increases, oxidising ability of media

increases which converts NO into NO2 and further

absorbed as a formation of HNO2 and HNO3 and

therefore, absorption efficiency increases (Thomas and

Vanderschuren 1997, 2000).

It can be seen from Fig. 4c that NO absorption effi-

ciency increased with increasing H2O2 concentration as

well as gas concentration. However, at higher gas veloci-

ties, absorption efficiency slightly decreased above H2O2

concentration and gas concentration of 2 % and

2,500 ppm, respectively. The liquid–gas reaction time is

lower at higher gas velocities leading to lower absorption.

Substantial absorption was observed at H2O2 concentration

more than 0.7 % and gas concentration more than

1,500 ppm. Further, it is evident that from this figure

plotted at gas velocity 0.065 m/s that gas velocity plays an

important role in NO absorption, since lower absorption

can be obtained at this velocity as compared to values seen

from Fig. 5a, b. Therefore, it is concluded from Fig. 4a–c

that range of variables for significant NO absorption was

gas velocity less than 0.06 m/s, NO concentration more

than 700 ppm and H2O2 concentration more than 1.5 %.

Table 4 Multiple regression results and significance of the compo-

nents for the quadratic model

Factor

(coded)

Coefficient Standard

error

Effect t ratio PC

(%)

Intercept 47.83 1.823 95.67

x1 -11.02 1.117 -22.04 -19.74 32.54

x2 10.20 1.117 20.39 18.26 27.84

x3 8.44 1.117 16.88 15.12 19.07

x1
2 1.90 1.644 3.81 2.32 0.45

x2
2 -8.99 1.644 -17.99 -10.94 10.00

x3
2 -7.79 1.644 -15.58 -9.48 7.50

x1x2 1.71 1.579 3.42 2.17 0.39

x1x3 -3.88 1.579 -7.76 -4.91 2.02

x2x3 1.20 1.579 2.40 1.52 0.19

PC per cent contribution

Fig. 3 Pareto chart showing standardised effect of independent

variables and their interaction on NO absorption efficiency
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Fig. 4 The 3D plots showing

effect of two independent

variables (other variables were

held at their respective centre

levels): a Inlet NO gas

concentration (ppm) and gas

velocity (m/s), b H2O2

concentration (%) and gas

velocity (m/s), c H2O2

concentration (%) and inlet NO

gas concentration (ppm)
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At higher concentration of NO in bulk gas, concentra-

tion gradient is larger, thus improving mass transfer from

gas to liquid phase through conversion of NO to nitrate.

The results show that the volumetric mass transfer coeffi-

cient (KLa) and the rate of absorption coefficient (RA)

increase with the superficial gas velocity. With increase in

superficial gas velocity, gas hold-up and turbulence of the

system increases which subsequently increases the values

of KLa and RA. Maximum value of KLa and RA was

estimated to be 9.2 9 10-3 L/s and 6.05 9 10-6 mol/L s,

respectively, at superficial gas velocity 0.06 m/s. Accord-

ing to Marquez et al. (1999), hydrodynamics, gas/liquid

mass transfer and chemical reaction in an external loops

gas-lift reactor for the fast, reactive absorption of carbon

dioxide (CO2) into aqueous potassium hydroxide (KOH)

are coupled. The phenomena can be described by a pseudo-

steady-state model. Similarly, in this case rapid absorbing,

characteristics of NO in H2O2 may be following pseudo-

steady-state model for interactions of hydrodynamics, mass

transfer and chemical reaction for the bubbly flow regime

in the riser.

Further, to evaluate the interactive effects of the studied

independent variables on NO absorption for all combina-

tions under study, perturbation graphs were drawn and

depicted in Fig. 5. The perturbation plots illustrate

responses as each independent variable moves from the

preferred reference with all other variables held constant at

the middle of the design space (the coded zero level). As

illustrated by the perturbation plots in Fig. 5, all three

independent variables (NO gas velocity, gas concentration

and H2O2 concentration) have an influence on the NO

absorption process of studied combinations. The curve with

the most prominent change was the perturbation curve of

NO gas velocity compared to those of the other indepen-

dent variables fixed at their maximum levels. Thus, NO gas

velocity was the most significant factor that contributed to

the removal of NO by the H2O2 absorption process.

Optimisation results showed that the coded values of

NO gas velocity, gas concentration and H2O2 concentration

at optimum condition were x1, -1; x2, 0.441 and x3, 0.644,

respectively, to achieve maximum NO absorption effi-

ciency (67.8 %). The optimum actual values for three

operating variables, considered using specific experimental

setup in this study, were NO gas velocity, 0.02 m/s; gas

concentration, 2,246 ppm and H2O2 concentration, 2.1 %.

The liquid solution analysed for nitrate formed in the

solution. Since the experiments are conducted in semi-

batch mode for 120 min, the concentration of HNO3 at the

end of experiments obtained was [HNO3] 0.0002 M at gas

velocity, 0.02 m/s; gas concentration, 300 ppm; H2O2

concentration, 0.25 % and [HNO3] 0.062482 M at gas

velocity, 0.11 m/s; gas concentration, 3,000 ppm; H2O2

concentration, 2.5 %.

Model validation studies

In order to verify the validity of proposed regression,

additional nine sets of experiments were conducted for

different combinations of the three independent process

variables in a random fashion, each within its respective

experimental range, and corresponding response variable

(absorption efficiency, %) was generated using the uncoded

values of the process variables and model Eq. (3). Table 5

presents the experimental conditions along with the model

predicted and experimental results. Experimentally deter-

mined response factor values for each of the nine sets of

process variables were then used along with the model

predicted values to compute the R2 value. A high correla-

tion (R2 = 0.957) among the predicted and the measured

values of the response factor suggests for the adequacy of

the proposed quadratic model in predicting the response

variable for the validation data set comprised of different

combinations of the process variables. Under optimum

conditions, the experimental NO absorption efficiency was

found to be 64.6 %, which is very close to the value by the

proposed model (Table 5). Maximum absorption efficiency

of NO, obtained in single-stage ALR at NO gas velocity,

0.02 m/s; gas concentration, 2,246 ppm; H2O2 concentra-

tion, 2.1 % and temperature, 30 �C may be improved by

using two-stage ALR.

Further, to examine whether the experimental absorption

data in validation set differ from the corresponding model

predicted values of the response variable, a nonparametric

Fig. 5 Overlay plot perturbation of independent variables on NO

absorption efficiency. Experimental conditions: A Gas veloc-

ity = 0.065 m/s, B NO gas concentration = 1,650 ppm, C H2O2

concentration = 1.38 %
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Mann–Whitney U test was conducted, which is based on the

combined ranking of the two samples and summing up their

total rank scores (U) separately after their break up. An

expected score value is determined as (Hamilton and Mann-

Whitney 2004),

EðUÞ ¼ nUðN þ 1Þ
2

ð7Þ

where E(U) is the expectation of U, nU is the sample size of

the data set being tested, and N is the total number of

samples (N = n1 ? n2). A z-score under the normal curve

is then calculated as (Hamilton and Mann-Whitney 2004),

z ¼ Umax � EðUÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1n2ðN þ 1Þ=2

p ð8Þ

where Umax is the maximum total rank score value, and n1

and n2 are the sample sizes of the two independent data

sets. The z-score for the present validation data set deter-

mined to be 0.1324 and the two-tailed probability associ-

ated with this z-score obtained as p = 0.894, which is

greater than the chosen probability level of p = 0.05,

suggesting there was an insignificant difference between

the measured and the model predicted responses in vali-

dation set (Singh et al. 2011).

Besides, a parametric two-sample (unpaired) t test was

also performed to evaluate the relationship between the

model predicted and the experimental responses, as well as

to prove model results. The Box-and-Whisker plot shown

in Fig. 6a suggests that both distributions are close enough

to normal to use a parametric hypothesis such as a two-

sample t test, as suggested by Hamilton (2004). Since, both

the predicted and experimental data sets have almost equal

variance; the standard error of the two sets can be pooled as

(Hamilton 2004);

sep ¼
s1 þ s2

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n1

þ 1

n2

r
ð9Þ

where sep is the pooled standard error, s1 and s2 are the

standard deviations, and n1 and n2 are the sample sizes of

the two data sets. The t test statistics was applied for

determination of tcal-value as (Hamilton 2004):

tcal ¼
y1 � y2

sep

ð10Þ

where tcal is the calculated t statistics, and y1 and y2 are the

mean values of the independent data sets. The value was

compared with the tabulated t value (ttab) for the corre-

sponding degrees of freedom. The calculated t value

(tcal = 0.0321) was found to be less than the tabulated

t value (ttab = 2.12), suggesting that there is insignificant

statistical difference between the two set of independent

samples. Therefore, both the nonparametric Mann-Whitney

test and the two-sample t statistics concluded with 95 %

certainty that the proposed quadratic model provided a

satisfactory fit to the additional experimental data set for

validation (Singh et al. 2011), as also seen in Fig. 6b.

Table 5 Experimental conditions for model validation with corre-

sponding predicted and observed responses

Additional

experiment

no.

Gas

velocity

(m/s)

Gas

conc.

(ppm)

H2O2

conc.

(%)

Predicted

NO

efficiency

(%)

Experimental

NO efficiency

(%)

1 0.06 3,000 1.3 49.39 51.4

2 0.06 1,650 0.25 32.42 34.6

3 0.06 1,650 2.5 50.16 47.3

4 0.1 1,700 1.35 40.7 38.9

5 0.105 300 1.0 16.7 18.2

6 0.06 333 3.0 25.63 23.3

7 0.06 3,000 3.0 48.38 44.1

8 0.06 2,000 0.5 39.22 40.1

9 0.04 3,000 1.35 54.53 57.5

Optimum

condition

0.02 2,246 2.1 67.8 64.6 Fig. 6 Comparison between additional validation experimental

results and predicted responses a Box–Whisker plot and b Agreement

between two independent samples
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Conclusion

The study was taken with the aim of finding the feasibility

of H2O2 for maximum absorption of NO gas in bench scale

ALR using response surface methodological approach,

which proves to be very effective and time saving tech-

nique for studying the influence of major process param-

eters on the response factor by significantly reducing the

number of experiments and further facilitating the optimum

conditions. A regression model was proposed to describe

the influence of independent variables and their interac-

tions on NO absorption rate. ANOVA analysis indicated

the proposed regression model based on Box–Behnken

design agreed with the experimental case with R2 and Radj
2

correlation coefficients of 0.983 and 0.954, respectively.

The estimated optimum conditions from the proposed

regression model applicable for reactor in the present study

for NO absorption at 30 �C temperature were NO gas

velocity, 0.02 m/s, NO gas concentration, 2,246 ppm and

H2O2 concentration, 2.1 %, respectively, where *68 % of

absorption could be obtained which was confirmed with the

experimental value. NO gas velocity was the most signif-

icant component of the quadratic model for the present

absorbent-absorbate system. The model validation results

suggested the adequacy of the developed model for its

application to new data sets. This study clearly confirmed

that Box–Behnken design combined with response surface

methodology and optimisation can efficiently be applied to

analyse NO absorption data in ALR to understand the

relationships among the independent and response vari-

ables and to maximise the absorption efficiency.
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