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Abstract: In this study, Box–Behnken design (BBD) was employed to optimize the process for
H3PO4-activated Typha angustifolia activated carbon (TAC) production and Cr removal by TAC;
the removal mechanisms were discussed based on TAC characterization, and the regeneration
evaluation was also conducted. The optimum preparation conditions were activated time of 1.5 h,
temperature of 469.02 ◦C, and incubation ratio of 4, resulting in an experimental carbon yield of 38.23%
and Cr removal of 90.01%. The optimum adsorption parameters were found to be 0.02 g/50 mL TAC,
80 mg/L Cr(VI), and 2.21 pH with the observed Cr adsorption capacity of 59.54 mg/g. The removal
mechanisms involved coulombic attraction, ionic exchange, surface complexation, and reduction.
The process of Cr(VI) adsorption was feasible, spontaneous, and endothermic in nature, and the
pseudo-second-order and Langmuir isotherm models were more appropriate for the removal process.
After five adsorption/desorption cycles, the Cr adsorption capacity on TAC reduced by only 24.37%.
The results showed that BBD could successfully optimize TAC production and Cr removal, and TAC
could be developed as a promising, eco-friendly, and effective adsorbent for Cr pollution control.

Keywords: process optimization; Typha angustifolia; biochar; Cr(VI); removal mechanism

1. Introduction

Chromium usually exists in hexavalent and trivalent forms in aqueous solution, and its compounds
are widely used in industries, including smelting, leather tanning, dyeing, and electroplating [1]. Cr(VI)
is highly toxic and more hazardous than Cr(III) due to its mutagenic and carcinogenic properties [2].
Thus, Cr(VI) pollution is posing serious environmental problems as well as great public concern [3,4].
The tolerance limit for Cr(VI) regulated by the World Health Organization is 0.1 mg/L in surface
water and 0.05 mg/L in potable water [5]. Therefore, it is especially necessary to develop an effective
treatment technology to remove Cr(VI) from wastewater and minimize its harm to the environment.

Recently, a wide range of techniques has been proposed to remove Cr(VI) from wastewater,
including chemical precipitation [4], electrochemical treatment, membrane separation [6], reduction [1,7],
ion exchange [8], and adsorption [9]. Among them, adsorption is considered as an attractive and
favorable method owing to its higher cost-efficient ratio and easier operation. Heretofore, lots of
carbon-based materials have been utilized for Cr(VI) adsorption, such as biochar [10,11], graphene [12],

Water 2018, 10, 754; doi:10.3390/w10060754 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/2073-4441/10/6/754?type=check_update&version=1
http://dx.doi.org/10.3390/w10060754
http://www.mdpi.com/journal/water


Water 2018, 10, 754 2 of 17

and mesoporous carbon [13]. Currently, activated carbon has been practically used in Cr(VI) treatment
of wastewater due to technological and economic feasibility [3,4,14–16]. However, activated carbon
suffered from barriers that limit its further application, including difficult obtainment of raw material,
low adsorption capacity, and rare in-depth experimental design for activated carbon preparation
and its adsorption processes [17]. Therefore, the search for cost-effective activated carbons has been
receiving increasing attention in the field of adsorption.

Activated carbon can be prepared with almost any natural or synthetic carbon-containing material.
Among these, agricultural and forestry residues are favorable raw substances due to their economic
feasibility, low ash content, being a recycled material, and being environmentally friendly. Examples
are peanut sawdust [14,15], shell [16], and Zizania caduciflora [18]. Typha angustifolia L. is a kind of
perennial herb with a large biomass, high carbon content, and porous structure related to its vascular
property [19]. Furthermore, it is cheap and readily available due to its normal discarding. Therefore,
its application for activated carbon production is especially economically feasible and environmentally
friendly. T. angustifolia carbon activated by H3PO4 provides good adsorptive capacity for Cd and
Pb [20]. Currently, there are rare studies where the optimization of cattail activated carbon production
and adsorption conditions for Cr(VI) have been reported.

The production quality of activated carbon involves the characteristics of a high surface area,
porous structure, and strong adsorption capacity, as well as a high yield that can be achieved at
low operating and energy costs. Compared to physical activation, chemical activation is preferred
for biomass carbon production mainly because it realizes not only larger surface area and higher
yield of carbon, but also lower operating and energy costs [21]. The adsorption performance and
adsorbent cost are the most important indexes to determine the practical application of the adsorption
process. In conclusion, the appropriate materials, proper production and adsorption processes,
and readily regenerating technology determine the cost-effectiveness of an activated carbon’s
application. Therefore, the production and adsorption processes of quality activated carbon need to be
balanced to obtain desired characteristics of the output. Many statistical experimental designs have
been recognized as useful techniques for process optimization. Response surface methodology (RSM)
is used when a few significant factors are involved in process optimization [17]. RSM is a collection of
statistical and mathematical methods that employs quantitative data from appropriate experiments to
determine a regression equation and operating conditions, among which, Box–Behnken design (BBD)
is the most commonly used model based on a rotatable or nearly rotatable second-order design [22].

The aims of this work were to; (1) model and optimize the process of H3PO4-activated
T. angustifolia carbon and Cr(VI) adsorption using BBD; (2) investigate the adsorption behaviors
of Cr(VI) onto TAC; (3) discuss the removal mechanisms of Cr by TAC based on the characterization
analysis of TAC before and after Cr(VI) adsorption; and (4) evaluate the regeneration property of TAC.

2. Materials and Methods

2.1. Materials

The aerial part of narrow-leaf cattail was collected from Yanghu Wetland of Changsha, China.
The raw material was cut into small pieces, cleaned up and dried, and subsequently crushed and sifted
through 60-mesh. The resultant sample was stored in a jar for activated carbon preparation. H3PO4,
K2Cr2O7, HCl, and NaOH were purchased from Beijing Chemical Co. Ltd. The stock solution of Cr(VI)
was prepared by dissolving an exact quantity of K2Cr2O7 in deionized water. The solutions containing
Cr(VI) for adsorption experiments were obtained by diluting 1000 mg/L of stock solution to desired
concentrations. All chemicals and reagents used were of analytical grade and used as received.

The withered aboveground part of T. angustifolia was sampled from Yanghu Wetland in Changsha,
China. Cleaned cattail material was dried at 80 ◦C to a constant weight and ground with a micro-crusher
(FZ102, Taisite, Tianjin, China). After screening with a 60-mesh sieve, the biomass was kept in sealed
plastic bags for preparing activated carbon.
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2.2. Single Factor Affecting Adsorption Experiments

The TAC produced under the optimum preparation parameters obtained according to the
following BBD experiments (See Section 3.1.3) was used in adsorption experiments affected by single
factors. The influences of initial solution pH, adsorption time, and TAC dosage on the Cr removal were
investigated, and the adsorption kinetics, thermodynamics, and equilibrium adsorption were analyzed.
Except for the effect factors, the initial Cr(VI) solution, pH, and temperature were 50 mL of 50 mg/L,
3.0, and 25 ◦C, respectively, and the TAC dosage, sorption time, and oscillation speed (in a thermostat
shaker, TS-1112B, Shanghai Danding International Trade Co., Ltd., Shanghai, China) were 0.1000 g,
60 min, and 180 rpm, respectively. The pH of solutions was adjusted by adding 0.1 mol/L of NaOH or
HCl. After adsorption, the mixed solutions were immediately filtered through 0.45 µm filter papers,
and the Cr concentrations in the supernatant were measured by atomic absorption spectrophotometer
(AAS, TAS-990-F, Beijing Purkinje General Instrument Co., Ltd., Beijing, China).

2.3. Box–Behnken Experimental Designs for Typha Angustifolia Activated Carbon Production and Cr(VI)
Adsorption

In the present study, a three-factor and three-level BBD was used to model and optimize
the process parameters for TAC preparation and Cr(VI) adsorption onto TAC (Tables S1 and S2,
see Supplementary materials). A total of 17 experimental runs were carried out, including five central
points for replication. Factors of X1, X2, and X3 represented the activation temperature (◦C), time (h),
and impregnation ratio for TAC preparation, and the initial solution pH, carbon dosage (g), and Cr(VI)
concentration (mg/L) for Cr(VI) adsorption, respectively. The factor levels in TAC preparation were
chosen based on the study of Tang et al. (2017) [20]. The determination of factors and its levels for
Cr(VI) adsorption was based on the single factor affecting adsorption experiments. The responses
were Y1 (%) for the Cr(VI) removal, Y2 for the TAC yield (%), and Y3 (mg/g) for the Cr(VI) adsorption
capacity. The experimental results based on the BBD can be given by a quadratic Equation (1):

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiX2
i +

2

∑
i=1

3

∑
j=2

βijXiXj (1)

where β0 is the intercept term; βi, βii, and βij are the first-order main effect, second-order main effect,
and interaction effect, respectively; i and j are level numbers of factors.

Based on the BBD for TAC production, the pretreated material was immersed in a H3PO4 solution
(solid H3PO4 of 50%) with different desired weight impregnation ratios in a crucible covered with
tinfoil. After incubation for 24 h, the resultant precursor was pyrolyzed in a carbonization furnace
(SYTH, Zhengzhou Machinery Co., Ltd., Zhengzhou, China) at different activation temperatures for
required activation times, and taken out after natural cooling. The activated carbon was rinsed with
1% of NaOH and 10% of HCl solution to get rid of the excess H3PO4 and soluble ash, respectively. It was
then washed several times with deionized water until the solution pH was neutral. The product of TAC
was dried at 105 ◦C, ground through 100-mesh size, and stored in a jar for adsorption experiments.

The adsorption experiment in determining the optimum TAC production conditions was
performed at following conditions: the volume and concentration of Cr(VI) was 50 mL and 50 mg/L,
the initial solution pH and temperature were 3.0 and 25 ◦C, and the sorption time and oscillation speed
were 60 min and 180 r/min, respectively.

The TAC produced under the optimum preparation parameters was used in other adsorption
experiments. Based on the BBD for Cr(VI) adsorption, except for the factors in Table S2, the adsorption
time, temperature, and oscillation speed were 60 min, 25 ◦C, and 180 rpm, respectively.

Both TAC production and Cr(VI) adsorption experimental results were analyzed by the RSM with
Design-Expert 8.0.6 (Stat-Ease Inc. Minneapolis, MN, USA) using quadratic models.
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2.4. Characterization of Typha Angustifolia Activated Carbon

The structure and surface morphology, BET surface area and pore size distribution, zeta potential,
and X-ray diffractometer (XRD) pattern of TAC were analyzed by scanning electron microscopy
(SEM) (QUANTA 450 FEI, TSS Microscopy, Beaverton, OR, USA), nitrogen physisorption data at 77 K
through an automatic surface analyzer (Quadrasorb SI-3MP, Quantachrome, Delray beach, USA),
a zeta potential meter (Zetasizer Nano-ZS90, Malvern Panalytical, Malvern, UK), and a power XRD
(D8ADVANCE, Bruker, Bremen, Germany) at 30 kV and 15 mA (CuKα radiation), respectively. Fourier
transform infrared (FTIR) spectroscopy and X-ray photoelectron spectrometer (XPS) measurements
of TAC before and after the adsorption of Cr(VI) were recorded using a Fourier transform infrared
spectrometer (SHIMADZU: iraFFINITY-1, Kyoto, Japan) and an ESCALAB 250Xi XPS (Thermo Fisher,
Waltham, MA, USA), respectively.

2.5. Sorption-Desorption Experiments

The sorption experiments were conducted using a batch technique by mixing the given quantity
of TAC with aqueous solution containing known Cr(VI) concentration in 150 mL conical flasks.
The optimum adsorption parameters (0.02 g of TAC, 80 mg/L Cr(VI), and initial solution pH of 2.21)
obtained from BBD were used in sorption experiments. First, 0.02 g of TAC was added into a 50 mL of
80 mg/L Cr(VI) solution at pH of 2.21 and shaken at 180 rpm and 25 ◦C for 24 h. Thereafter, the TAC
containing Cr was separated from aqueous solution by centrifugation.

During desorption or regeneration experiments, the obtained TAC with Cr after centrifugation
was added into 100 mL of 1 mol/L NaOH solution and shaken at 180 rpm and 25 ◦C for 24 h.
Then, the mixture was centrifuged again, the TAC was separated and washed by deionized water to
neutralize and followed by the oven drying, and the regenerated TAC was obtained.

The regenerated TAC was used in the next adsorption-desorption cycle according to the
steps mentioned above, and the adsorption-desorption step was repeated for 5 consecutive cycles.
All the obtained centrifuged solutions after each adsorption and desorption were used to assay the
concentrations of Cr by AAS (TAS-990-F, Beijing Purkinje General Instrument Co., Ltd., Beijing, China).

3. Results and Discussion

3.1. Process Optimization of Typha Angustifolia Activated Carbon Production

3.1.1. Statistical Analysis and Model Validation for Activated Carbon Preparation

For both carbon yield and Cr removal efficiency, among linear, 2F, and quadratic models,
the quadratic models offered p-values more than 0.0001, lack-of-fit p-values less than 0.05,
and maximum predicted and adjusted R2 values. Therefore, the quadratic models excellently explained
the correlation between the responses and factors and were used in this work.

Based on the regression analysis on the experimental data in Table S1, the fitted quadratic
polynomial models were expressed as Equations (2) and (3), respectively:

Y1 = 89.62 + 1.21X1 + 1.52X2 + 2.64X3 − 0.02X1X2− 0.04X1X3 − 0.26X2X3− 2.71X1
2 −

0.50X2
2 − 0.63X3

2 (2)

Y2 = 32.52 − 4.43X1 − 2.00X2 + 0.30X3 + 0.83X1X2 + 0.89X1X3 + 0.20X2X3 − 0.15X1
2 +

1.28X2
2 − 0.74X3

2 (3)

where X1, X2, and X3 stand for the coded values of activation temperature, activation time,
and impregnation ratio, and Y1 and Y2 represent the predicted responses of Cr removal efficiency and
carbon yield, respectively.
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The analysis of variance (ANOVA) can test the significance for the fitted second-order polynomial
equation based on relevant fitted parameters. (Tables S3 and S4 See Supplementary materials) indicated
that both regression models were highly statistically significant at F-values of 432.28 for Cr removal and
205.55 for TAC yield and at values of prob > F (<0.0001). The lack-of-fit F-value (2.30 for Cr removal,
2.57 for carbon yield) was insignificant relative to the pure error (p = 0.2191 > 0.05), confirming that
both models were valid well for the experimental data. The low value of the variation coefficient
(0.20% for Cr removal and 1.97% for TAC yield) and standard variation (0.18 for Cr removal and 0.66 for
TAC yield) indicated a high precision and reliability of the conducted experiments [23]. Furthermore,
the correlation coefficient (R) and determination coefficient (R2) can also judge the fit quality of
the model [5]. The R values (0.999 for Cr removal and 0.993 for TAC yield) revealed a reasonable
agreement of predicted values with experimental results. The high R2 (0.9982 for Cr removal and
0.9855 for TAC yield) suggested that only 0.18% and 1.45% of the total variations in Cr removal
efficiency and carbon yield were not explained by the regression models, respectively. The high values
of adjusted determination coefficient for the Cr removal (0.9959) and TAC yield (0.9668) also showed
a high significance of the used quadratic models. Table S1 also showed that the predicted response
values from the regression models was consistent with the experimental data within the range of the
independent variables studied.

According to the p-values, X1, X2, X3, X2X3, X1
2, X2

2, and X3
2 were significantly correlative to the

Cr removal, and X1, X2, X1X2, X1X3, and X2
2 were significant for the TAC yield. While considering

the regression equations, the positive and negative signs before the terms indicate synergistic and
antagonistic effects, respectively [5]. Hence, X1, X2, and X3 were significantly favorable but X2X3,
X1

2, X2
2, and X3

2 were significantly unfavorable for Cr removal; the TAC yield was significantly
positively correlated to X1X2, X1X3, and X2

2 but significantly negatively correlated to X1 and X2.
Furthermore, the sum of squares (SS) and F-value of each factor quantifies its importance in the process.
When the values of the SS and F-value increase, the significance of the corresponding factor in the
undergoing process also increases [9]. Therefore, based on the first-order main effect of each factor,
the influence of production parameters followed the order: impregnation ratio (X3) > activation time
(X2) > activation temperature (X1) for Cr removal, and in the order of activation temperature (X1) >
activation time (X2) > impregnation ratio (X3) for the TAC yield. In conclusion, within the studied
factor range, the higher the impregnation ratio and the lower the activated time and temperature were,
the higher both Cr removal and TAC yield were.

3.1.2. Activated Carbon Yield and Cr Removal Responses

To best investigate the interactive influences of three factors on Cr removal and TAC yield,
three-dimensional surface response plots were drawn by varying two variables within the experimental
data at its “0” level (Figure S1a–f) (Supplementary materials). The removal efficiency of Cr increased
with the activation time and impregnation ratio, while it increased at first and then decreased gradually
over the activated temperature. This was similar to the results obtained by Prahas et al. [24]. The reasons
were that sufficient activation time and impregnation ratio could eliminate most of the moisture and
volatile components in the precursor for the generation of fine pores, but the higher temperature
produced carbon with large pores [15]. The carbon yield significantly decreased with the activation
temperature and time (p < 0.05), the reason for which was probably that the aromatic condensation
reactions occurred among the adjacent molecules, causing the production of gaseous products from
the hydroaromatic structure during carbonization; thus more moisture and volatile components in the
precursor were eliminated [15,24].

The contour plot of the response surface plot can also reflect the degree of combined
effect. A contour plot indicates a significant interactive effect, but a circular one means an
insignificant combined impact [25]. The interactive influences between activated time and temperature
(Figure S1g,h), activated temperature and impregnation (Figure S1i,j) were insignificant (p > 0.05)
on the Cr removal but significant on TAC yield (p < 0.05), but the activated time and impregnation
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had a significant interacting influence on the Cr removal and an insignificant one on TAC yield
(Figure S1k,l). These results are in accordance with the analysis of variance (ANOAV) results based on
Equations (2) and (3).

3.1.3. Optimum Parameters of Activated Carbon Preparation

One of the principal objectives of this study was to find the optimum process parameters for
TAC production which would provide both high Cr removal and TAC yield. After compromising
between the Cr removal efficiency and carbon yield, the optimum production conditions for TAC
were activation temperature of 469.02 ◦C, time of 1.5 h, and impregnation ratio of 4, which was
consistent with the conclusion discussed above. However, the optimum production conditions for
coconut shell carbon activated by H3PO4 were impregnation ratio of 1.725, activation time of 19.5 min,
and activation temperature of 416 ◦C [17]. The optimum factor difference in both studies was possibly
caused by different response variables and raw materials. Under the optimum production conditions,
the predicted Cr removal efficiency was 89.23%, and carbon yield was 37.99%.

The confirmatory experiments showed that the experimental values (90.1% of Cr removal and
38.23% of TAC yield) were in good agreement with the predicted values. The carbon yield was in
agreement with the 43.73% component of carbon obtained in our previous work [20]. The range of
TAC yield (27.73–40.62%) was similar to the yield of H3PO4-activated carbon from chestnut wood
(37.2–42.3%) and fruit stones (31.9–48.5%), but lower than coconut shell (40–55%) and jackfruit peel
(42.15–56.25%) due to various raw materials and conditions [17,24].

3.2. Cr(VI) Adsorption on Typha Angustifolia Activated Carbon Affected by Single Factors

3.2.1. Effect of Initial Solution pH

The solution pH had great effects on Cr removal by changing the surface charge, electricity,
and dissociation intensity of functional groups on the active sites of TAC and the Cr species in the
solution. The adsorption capacity and removal efficiency of Cr sharply decreased with the increase of
initial solution pH (Figure 1a). One of the main reasons was probably due to the decrease/increase
of protonation/deprotonation extent of TAC surfaces over the increased solution pH [4,18]. Hence,
the columbic attraction at low pH and the electrostatic repulsion at high pH between TAC surfaces
and Cr(VI) oxyanions would improve or inhibit the Cr(VI) diffusion and thus removal, respectively [1].
The Cr(VI) in the aqueous solution mainly exists in forms of chromate CrO4

2− (pH > 6.0), HCrO4
−

(pH < 6.0), dichromate Cr2O7
2− (pH 4–6), or H2CrO4 (pH < 1.0) [1,4,16]. The HCrO4

− oxyanion can
dimerize at pH between 2 and 6 [26]. Cr2O7

2− becomes significant when total Cr(VI) concentrations
are greater than 1 mM, or may even dominate when total Cr(VI) concentrations are greater than
30 mM [27]. Therefore, at low solution pH, the high Cr removal was probably mainly due to the
electrostatic attraction of HCrO4

− by positively charged groups on the TAC surface. Furthermore,
due to large quantities of H+ existing in the solution, Cr(VI) could react with electron-donor groups and
was reduced to Cr(III) [1,18]. At pH above the pH of the isoelectric point, retention of Cr(VI) occurred
mainly by chemical (specific) adsorption through inner-sphere complexation via ligand exchange [28].
At the same time, ionic exchange adsorption might also occur due to the negatively charged TAC
surface; however, the HCrO4

− oxyanion only requires one exchange site, but Cr2O7
2− and CrO4

2−

anions need two exchange sites [29]. Therefore, the Cr removal due to ionic exchange decreased with
the increased solution pH. Moreover, both the repelling force between Cr(VI) oxyanions and surface
negative charges on TAC and the dual competition between Cr(VI) oxyanions and OH− also reduce
the adsorption of Cr(VI) onto TAC [14,15]. Based on both the sorption capacity and potential practical
application of this study, the initial solution pH was chosen as 3.0 for the following experiments.
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Figure 1. Plots of (a) initial solution pH effect (T = 25 ◦C, m/V = 2 g/L, t = 60 min, and C0 = 50 mg/L);
(b) contact time (T = 25 ◦C, pH = 3.0, m/V = 2 g/L, and C0 = 50 mg/L); (c) adsorbent dosage (T = 25 ◦C,
pH = 3.0, t = 60 min, and C0 = 50 mg/L); (d) temperature (pH = 3.0, m/V = 2 g/L, t = 60 min,
and C0 = 50 mg/L); and (e) regenerated Typha angustifolia activated carbon on Cr adsorption capacity
and/or removal efficiency on Typha angustifolia activated carbon, respectively.

3.2.2. Effect of Contact Time on Cr Removal and Adsorption Kinetic Analysis

The study of contact time effect on Cr removal by TAC helped determine the equlibrium time and
the analysis of adsorption kinetics, which are very important for the practical design of adsorption
devices. The adsorption of Cr increased rapidly at first, approached equilibrium after 30 min, and then
remained at a stable stage (Figure 1b). The level difference of adsorbate is its main diffusion force.
The initial rapid removal of Cr was attributed to the rich vacant activated sites and large adsorption
energy of TAC, and thus high content difference of Cr(VI) ion. The later slow removal was contributed
to the reduction of available adsorption sites, the transfer of external diffusion to internal diffusion,
and repulsive force between Cr(VI) ion adsorbed on the TAC surface and in the solution [30]. To fully
reach adsorption equilibrium, an excessive contact time of sixty minutes was selected.

Adsorption kinetics analysis can reflect the diffusion rate of adsorbate in adsorption systems.
The adsorption kinetic data of Cr(VI) on TAC at different temperatures were analyzed in terms of
the pseudo-first-order, pseudo-second-order, intra-particle diffusion, and classical Elovich models,
respectively. The adsorption process basically contains external liquid membrane diffusion, surface
adsorption, and particle internal diffusion [11]. The linear fits and parameters of adsorption kinetics
are presented in Figure S2a,b and Table 1, respectively. The large variation between the predicted
and experimental values of adsorption capacity and low R2 values of the pseudo-first-order model
indicated that it could only describe the initial/unsaturated phases of the Cr(VI) adsorption process.
The experimental values (qe,exp) were extremely close to the values of equilibrium adsorption capacities
(qe,cal) obtained from the pseudo-second-order model at all the initial concentrations and temperatures,
indicating that the biosorption systems predominantly follow the pseudo-second order kinetics model.
Moreover, compared with the pseudo-first-order and Elovich models (Figure S2c), the higher values of
R2, RMSE, and χ2 obtained from the pseudo-second-order model suggested that the rate-limiting step
might be the surface chemical reaction (that can involve ion exchange and/or sharing of electrons)
between Cr(VI) from the aqueous solution and superficial functional groups of TAC [31]. The larger
a value indicates a stronger adsorption ability of adsorbent [32], and greater contribution of surface
chemical adsorption in the rate-limiting step [33]. The values of a increased in the order of Cr50 mg/L
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> Cr100 mg/L > Cr150 mg/L, demonstrating that low solution Cr(VI) concentration was in favor of its
adsorption onto TAC.

Table 1. Constants of four kinetic models for Cr adsorption onto Typha angustifolia activated carbon.

Models Parameters
Cr

50 mg/L 100 mg/L 150 mg/L

Pseudo-first-order model

qe,exp (mg/g) 21.19 32.49 38.86
qe,cal (mg/g) 8.66 13.84 13.03
k1 (1/min) 0.065 0.071 0.083

R2 0.911 0.907 0.948
χ2 0.347 0.439 0.312

RMSE 0.589 0.662 0.559

Pseudo-second-order model

qe,cal (mg/g) 22.08 33.78 39.68
k2 (g/mg·min) 0.012 0.008 0.012

R2 0.998 0.998 0.998
χ2 0.005 0.002 3.5 × 10−4

RMSE 0.072 0.042 0.019

Elovich model

a 22.09 13.18 8.44
b 4.092 4.617 3.039

R2 0.772 0.829 0.807
χ2 4.574 9.963 10.499

RMSE 2.139 3.157 3.240

Intra-particle diffusion model
kid (mg/g·min−1/2) 1.228 1.538 0.951

R2 0.557 0.645 0.634

The intra-particle diffusion model can explain the diffusion mechanism during adsorption.
If the fitted curve of the internal diffusion model is only a straight line and passes through the
origin, the adsorption process is only controlled by particle internal diffusion; on the other hand,
when the fitted curve is a multi-stage line, the adsorption process is complex and controlled by several
rate-determining steps [11]. In this study, the simulation curves of intra-particle diffusion (Figure S1d)
were straight lines but did not pass through the origin, indicating that intra-diffusion was not the only
rate-limiting step, and the adsorption process was also influenced by extra-particle diffusion [34].

3.2.3. Effect of Activated Carbon Dosage on Cr Removal and Adsorption Isotherms Analysis

With the increase of TAC dosage from 0.02 to 0.5 g, the removal efficiency of Cr increased from
36.97 to 90.01%, but the adsorption capacity decreased from 46.21 to 4.50 mg/g, respectively (Figure 1c).
The increased removal ratio could be attributed to the increase of active adsorption sites and the surface
area of TAC due to the increasing carbon dosage. But, Cr removal did not reach 100%, indicating that
saturated adsorption occurred, and adsorption and desorption coexisted in the system. On the other
hand, the decreased sorption capacity of Cr was probable due to the reduction in both the effective
surface area and adsorbate/adsorbent ratio, caused by the coagulation of TAC particles with the
increase of TAC content in a given volume of solution and thus the increase of diffusion distance of
adsorbates on the surface or inside adsorbents [35]. Taking account of both adsorption capacity and
removal rate of Cr, the amount of adsorbent for further adsorption experiments was 0.1 g (2 g/L).

Adsorption isotherm models are commonly used to describe the maximum adsorption capacity
and adsorption mechanisms. The equilibrium adsorption data of Cr on TAC were analyzed by
nonlinear Langmuir, Freundlich, Temken, and D–R isotherm models, respectively (Figure S2e–h
and Table 2). Langmuir, Freundlich, and Temkin models described the experimental data reasonably,
but the Langmuir model fitted the adsorption equilibrium better in the temperature range studied due
to better values of R2, RMSE, and χ2, indicating both monolayer chemical adsorption and multilayer
physical adsorption occurred during sorption. The maximum adsorption capacity of Cr (Qm) obtained
from the Langmuir model was 43.92 mg/g at 288 K, higher than the result in the study [1], but lower
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than that in the work [10]. The binding energy coefficient of the Langmuir isotherm followed the
order of Ka 35 ◦C > Ka 25 ◦C > Ka 15 ◦C, suggesting that the high temperature promoted the affinity of the
surface functional groups on TAC for Cr(VI). The adsorption equilibrium constant of the Freundlich
model followed the order of KF 35 ◦C > KF 25 ◦C > KF 15 ◦C, also indicating the promotion of Cr(VI)
adsorption by increasing temperature. It would be expected that an increased solution temperature
would cause the enlargement of pore size due to activated diffusion causing the micropores to widen
and deepen (pore burrowing) and create more adsorption surface [36].

The values of RL, n, and E resulted from Langmuir, Freundlich, and D–R models can judge the
difficulty and the physiochemical properties of adsorption. Adsorption can be unfavorable (RL > 0),
linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0) [37]. The adsorption is mainly physical
processes (1/n < 1 or E < 8 kJ/mol), chemical reaction (1/n > 1 or E > 16 kJ/mol), and ion exchange
(E between 8–16 kJ/mol) [38]. In this study, the RL values for Cr(VI) adsorption ranged from 0 to 1,
and n was higher than 1 and E was lower than 8 kJ/mol at different temperatures (Table 3), so the
adsorption of Cr(VI) on TAC was favorable and mainly a physical process due to Van der Waals forces
and electrostatic attraction.

Table 2. Isotherm parameters for Cr adsorption on Typha angustifolia activated carbon at different
temperatures.

Models Parameters
Cr

15 ◦C 25 ◦C 35 ◦C

Langmuir

Qm (mg/g) 43.92 43.26 43.01
Ka (L/mg) 0.090 0.109 0.132

R2 0.985 0.987 0.984
χ2 2.936 2.586 3.362

RMSE 1.713 1.608 1.833

Freundlich

KF [(mg/g)/(mg/L)n] 8.941 9.773 10.692
1/n 2.956 3.112 3.269
R2 0.922 0.923 0.923
χ2 15.387 15.316 15.807

RMSE 3.923 3.914 3.976

D–R

B (mol2/J2) 1.1 × 10−5 7.2 × 10−6 5.5 × 10−6

Qm (mg/g) 37.06 36.92 37.53
R2 0.8874 0.8797 0.8750
χ2 19.400 20.952 22.393

RMSE 4.404 4.577 4.732

Temkin

KTE 1.212 1.540 1.959
b 282.04 302.97 321.73

R2 0.9775 0.9797 0.9816
χ2 3.936 3.545 3.290

RMSE 1.984 1.883 1.814

Table 3. Parameters for nature judgment and thermodynamics of Cr adsorption on Typha angustifolia
activated carbon.

Metal T (◦C) n Ka RLmax RLmin B (mol2/J2) E (kJ/mol)

288 2.956 0.090 0.357 0.053 1.1 × 10−5 0.302
Cr 298 3.112 0.109 0.314 0.046 7.2 × 10−6 0.373

308 3.269 0.132 0.275 0.036 5.5 × 10−6 0.426

lnKc ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0

(J/mol·K)

288 1.534 −11.08

8.49 42.33

293 1.595 −12.01
Cr 298 1.691 −13.44

303 1.740 −14.35
308 1.765 −14.96
313 1.815 −15.98
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3.2.4. Effect of Temperature on Cr Removal and Adsorption Thermodynamics Analysis

When the initial solution temperature increased from 15 to 40 ◦C, the adsorption capacity of Cr
increased from 20.56 to 21.50 mg/g, and the removal rate increased from 41.11% to 85.99% (Figure 1d).
The increasing temperature helped the dehydration of Cr(VI) ions, increased the Brownian motion of
Cr(VI) ion and sorption sites on the TAC surface, decreased the thickness of the double electric layer of
TAC, and thus enhanced the sorption of Cr(VI) onto TAC [16,20,36].

The thermodynamics analysis can help one understand the change of standard free energy (∆G0),
entropy (∆S0), and enthalpy (∆H0) during adsorption. Table 3 also presents relevant parameters
values obtained from the fitted lines of the Van Hoff equation. The values of ∆G0 were negative and
decreased with the increased temperature, indicating that the spontaneity, which does not require
any external source of energy for its occurrence and feasibility of adsorption, increased with the
increase in temperature [39]. The ∆H0 can reflect the energy barrier of sorption. The positive ∆H0 value
suggested an endothermic adsorption process in nature, which was consistent with the increasing
adsorption capacity over the increasing temperature. The ∆S0 value more than zero reflected the
increased randomness on the solid–solution interface and the good affinity of TAC for Cr(VI) during
adsorption. The reason was probably the structure change of TAC and Cr(VI) and the release of
H+ from TAC during adsorption [20]. Other workers have also reported similar results for Cr(VI)
adsorption on activated carbon [1,16].

3.3. Process Optimization for Cr Adsorption on Typha Angustifolia Activated Carbon

3.3.1. Statistical Analysis and Model Validation for Cr Sorption

Compared to the linear and 2F models, the quadratic model provided a p value lower than
0.0001 and lack-of-fit p-value less than 0.05, and the maximum predicted and adjusted R2 values.
Therefore, it was employed to explain the correlation between the Cr adsorption capacity and
independent variables.

Table S2 presents the results for Cr adsorption experiments using TAC deprived of the optimum
production conditions. The second-degree polynomial model for Cr adsorption capacity (Y3) and
values of coded pH (X1), carbon dosage (X2), and initial concentration of Cr(VI) (X3) were obtained
as Equation (4):

Y3 = 22.02 − 2.26X1 − 12.90X2 + 11.82X3 + 2.67X1X2 − 0.55X1X3 − 6.36X2X3 − 3.46X1
2 +

3.69X2
2 + 0.049X3

2 (4)

As shown in ANOVA (Table S5, See Supplementary materials), the F-value (49.78) and p-values of
prob > F (<0.001) implied that the model was significant. Although the values of the CV (11.25%) and
the standard deviation (2.49) were not low, the determination coefficient value of R2 showed that the
98.46% probability in response values changed with the three factors. The high value of R (0.992) and
adjusted determination coefficient (0.965) also indicated a high correlation between the experimental
and the predicted value. Moreover, the F-value for lack-of-fit (>0.05) was insignificant, confirming
the validity of the model. Table S2 also suggested that the Cr adsorption capacity predicted based
on Equation (4) was consistent with the experimental value. In conclusion, the Equation (4) was
statistically significant for the prediction of Cr adsorption capacity.

The p-values show that X1, X2, X3, X2X3, X1
2, and X2

2 were significant model terms. Combined,
the positive or negative signs of coefficients in Equation (4), thus X3 and X2

2, showed significantly
favorable effects but X1, X2, X2X3, and X1

2 presented significant unfavorable effects on the Cr
adsorption capacity. The SS values and F-values showed that the first-order main influence of
adsorption parameters followed the order: carbon dosage > initial concentration of Cr(VI) > initial
solution pH. In conclusion, the higher initial Cr(VI) content of and the lower TAC dosage and initial
solution pH helped the adsorption of Cr(VI) onto TAC.
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3.3.2. Cr Sorption Capacity Response

Figure 2a,c,e shows the interactive effects among pH, carbon dosage, and initial Cr(VI)
concentration on Cr adsorption capacity. Cr adsorption capacity decreased with the increasing carbon
dosage and the solution pH, but increased with the increasing initial Cr(VI) concentration. According
to the contour plots (Figure 2b,d,f), the interactive effects of initial solution pH and TAC dosage and of
initial solution pH and Cr(VI) level were insignificant (p > 0.05), but there was a significant interactive
impact between TAC dosage and initial Cr(VI) content (p < 0.05) on the Cr adsorption, which was the
same as the analysis based on the Equation (4) and Table S2.
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Figure 2. 3D surface mapping and contour plots for combined effects of (a,b) pH and carbon dosage
(C0 = 50 mg/L, t = 120 min, T = 25 ◦C); (c,d) pH and initial concentration (m/V = 2.0 g/L, t = 120 min,
T = 25 ◦C); and (e,f) carbon dosage and initial concentration (pH = 3.0, t = 120 min, T = 25 ◦C) on Cr
adsorption capacity on Typha angustifolia activated carbon.
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3.3.3. Optimum Parameters of Cr Sorption Capacity

From the regression Equation (4) and Figure 2, the optimum adsorption conditions for maximum
Cr sorption capacity of 59.01 mg/g on TAC were an initial solution pH of 2.21, Cr(VI) concentration
of 80 mg/L, and 0.4 g/L of TAC dosage, which agreed well with the conclusion mentioned above.
Furthermore, under the optimum sorption conditions, the experimental value of 59.54 mg/g was in
good accordance with the predicted value. For bael fruit shell carbon activated by H3PO4, the maximum
removal (96.34%) was found at pH 6.39, initial Cr(VI) level of 7.51 mg/L, and activated carbon dosage
of 2.18 g/L [9]. The difference of sorption conditions, especially the solution pH, was probably due to
the different physiochemical characteristics of activated carbon and the sorption mechanism.

3.4. Characterization of Typha Angustifolia Activated Carbon and Cr Removal Mechanism

3.4.1. Physical Properties of Typha Angustifolia Activated Carbon

The external surface morphology of TAC was full of cavities of different size and shape (Figure 3a).
As shown in Figure 3b,c, the N2 adsorption/desorption isotherm curve showed hysteresis loops in
the relative pressure (P/P0) range, indicating that the TAC structure was mesoporous. The specific
surface area, total volume pore, and average pore diameter was 789.32 m2/g, 0.81 cm3/g, and 4.09 nm,
respectively. The internal pore structure of TAC examined by XRD exhibits that two broad peaks
were observed near 2θ = 24◦ and 43◦, which correspond to the (002) and (100) reflections, respectively
(Figure 3d). The developed pores on the TAC surface could result from the evaporation of H3PO4

activator during carbonization. The occurrence of broad diffraction peaks at 2θ was an indicator of an
increasing regularity of crystal structure caused by carbon in TAC and better layer arrangement [40].
The crystallization degree in the TAC depended on the chemical compositions of a high proportion
of C in TAC [20]. The mesoporous nature was considered helpful for the accessibility of Cr(VI) to
the surface of TAC, and the good physical characteristics helped the physical adsorption of Cr(VI)
onto TAC, and the subsequent ion exchange, complexation, and reduction for Cr removal [4].
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Figure 3. Characterizations of (a) SEM micrographs; (b) pore size distribution; (c) nitrogen
adsorption-desorption isotherms; (d) X-ray diffraction result; (e) Zeta potential, and (f) FTIR spectra of
Typha angustifolia activated carbon.

3.4.2. Chemical Properties of Typha Angustifolia Activated Carbon

The pH of the isoelectric point (pHIEP) is an important chemical characteristic for adsorbents.
The zeta potential of the TAC decreased with the solution pH, and the pHIEP of TAC was found to be
at pH 2.80 (Figure 3e). When the solution pH was lower than the pHIEP, the surface of TAC was net
positively charged and easily electrostatically attracted Cr(VI) oxyanions. Conversely, the negatively
charged TAC surface would hinder the adsorption of Cr(VI).

FTIR proved to be an important tool to qualitatively identify the functional groups that influenced
chemical adsorption behaviors. The FTIR spectra of TAC before and after Cr(VI) adsorption are
collected in Figure 3f. The broad bands at 3410 cm−1 represented vibrations of the hydrogen band
(O–H) forming the hydroxyl groups (–OH) in carboxylic acids, alcohol hydroxyl groups, and N–H
bonds of amine groups (–NH2). The absorbance at 1580 cm−1 reflected the stretching vibration of
ester C=O in ketones, aldehydes, lactones, and carboxyl-stretching groups and the rocking vibration
of –NH in primary amide groups [24]. The peak observed at 1240 cm−1 was assigned to the presence
of bonds of P=O, O–C in P–O–C linkage, and P=OOH, and the weak peak at 1080–1070 cm−1 was
contributed by ionized linkage of P+–O− in acid phosphate esters and to symmetrical vibration in
a chain of P–O–P [40]. The weak peak at 1370 cm−1 was ascribed to the C–H stretch vibration and
also the intra-surface bending vibration of C–O–H [20]. These functional groups were in agreement
with the C, O, H, P, and N compositions of TAC [20]. The oxygen-containing functional groups on the
surfaces of TAC determined the surface acidity-basicity and the adsorption performance of TAC [40].
The shift in the band positions and change of the peak area of these groups after Cr(VI) adsorption
indicated the electrostatic attraction and subsequent complexation and/or ion exchange between the
Cr(VI) anion or the Cr(III) cation reduced from Cr(VI) and protonated –OH, –COOH, –CH, –CHO,
–NH2, and phosphate (PO4

3−) at low solution pH [3,4]. This helped the subsequent Cr(VI) anion’s
reduction to the Cr(III) cation by reductive substances like CxOH (hydroxyl and carbonyl groups) on
the TAC surface [4], which was proved by the following XPS results (Figure 4e,g).

Compared with the analysis of FTIR, the XPS can further effectively characterize the surface
functional groups of TAC and offer more useful information on the adsorption mechanism. In the
whole XPS spectra (Figure 4a), the appearance of P2p peaks indicated the successful incorporation
of H3PO4 in TAC. Two main P2p peaks at 132.14 and 133.55 were assigned to P=O, and P–O–C,
respectively (Figure 4b). This was consistent with the analysis of FTIR, where P mainly existed by
bonding to O on the surface of TAC. The slight change of peak area at 132.14 cm−1 and shift of
133.55 cm−1 (Figure 4c) suggested the participation of groups containing P in Cr(VI) adsorption.
The notable peaks assigned to Cr2p that emerged after adsorption indicated the successful adsorption
of Cr(VI) on TAC (Figure 4d). A high-resolution Cr2p spectrum was obtained to further investigate
the Cr(VI) adsorption mechanism onto TAC. The Cr2p spectrum was deconvoluted into peaks of
Cr(III) (577.5 eV) and Cr(VI) (579.7 eV) (Figure 4e), indicating that both Cr(VI) and Cr(III) species
existed on the TAC surface. Hence, it was reasonable to infer that part of the adsorbed Cr(VI) was
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reduced to Cr(III) by the oxidation of the functional groups of TAC, like C=O and C–O. Carbon,
oxygen, and nitrogen-containing groups showed a crucial role during Cr(VI) adsorption. Before
Cr(VI) adsorption, C1s spectra were deconvoluted into three peaks at 284.08, 286.12, and 288.06 eV,
corresponding to the groups of C–C/C=C/C–H (aromatic), C–O (alcoholic)/C–OH/C–N, and C=O
(carbonyl), respectively (Figure 4f) [20,24]. After Cr(VI) adsorption, new peaks at the bending energy of
C–Cr (286.95 eV) and COO– (carboxyl and ester, 289.09 eV) emerged (Figure 4g). This indicated again
that the Cr(VI) was reduced to Cr(III) by reductive substances contained in TAC at low solution pH.
O1s spectra of TAC before sorption consisted of three peaks at 531.32, 532.62, and 533.70 and 536.50 eV,
which were attributed to groups of C–OH/O–H, C–O–C, and –COOH, respectively (Figure 4h) [20,24].
After sorption, the location shift and area change of peaks (Figure 4i) suggested the occurrence of the
chemical reaction between groups containing O with Cr(VI) or Cr(III) reduced from Cr(VI). The N1s
region position with the maximum peak at 399.54 eV indicates that N mainly existed as primary or
secondary amine groups, including C–NH or C–NH2, and the weak peak at 402.39 eV was contributed
by the presence of N+/C–NH3

+ (Figure 4j) [24]. The slight change of frequency and area of peaks
containing N after Cr(VI) adsorption (Figure 4k) suggested that the amino groups should be responsible
for the ion exchange between the exchangeable proton from amino groups and Cr(VI) [41].
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Figure 4. X-ray photoelectron spectroscopy of Typha angustifolia activated carbon: (a) whole; (b) and
(c) high resolution P2p; (d,e) Cr2p; (f,g) C1s; (h,i) O1s; and (j,k) N1s spectra before and after
adsorption, respectively.



Water 2018, 10, 754 15 of 17

3.5. Regeneration Evaluation of Typha Angustifolia Activated Carbon

As presented in Figure 1e, after five adsorption/desorption cycles, the adsorption capacity of
Cr on recycled TAC under the optimum adsorption conditions remained at 45.03 mg/g and reduced
by 24.37% compared to that of the first cycle (59.54 mg/g). The results indicated that TAC could be
a potential cost-effective adsorbent for Cr removal due to its excellent regeneration performance.

4. Conclusions

H3PO4 activating Typha angustifolia L. optimized by Box–Behnken design was very efficient
and cost-effective for preparation of activated carbon and for removal of Cr from aqueous solution.
The optimum production conditions of TAC were 1.5 h, 469.02 ◦C, and impregnation ratio of 4 with an
actual Cr removal ratio of 90.01% and 38.23% carbon yield. The optimum adsorption parameters were
pH 2.21, 0.02 g TAC, and 80 mg/L Cr(VI) with an observed Cr adsorption capacity of 59.54 mg/g.
The removal mechanism of Cr by TAC involved electrostatic attraction, ionic exchange, surface
complexation, and oxidation-reduction. However, the adsorption experiments of Cr(VI) with raw
cattail biomass and further optimization study should be performed to obtain TAC with better
physio-chemical properties and Cr(VI) removal capacity.

Supplementary Materials: The models of adsorption thermodynamics, kinetics, and isotherms, Tables S1–S5,
and Figures S1 and S2 are available online at http://www.mdpi.com/2073-4441/10/6/754/s1.
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