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Abstract: Akaganeite (β-FeOOH) nanoparticles were successfully anchored on the surface of 16 

porous sea buckthorn biocarbon (SBC) via a simple low-temperature hydrothermal process 17 

without use surfactants or external forces. The SBC@β-FeOOH composite was characterized by 18 

X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive 19 

spectrometry (EDS). On the basis of characterization methods, a possible mechanism of formation 20 

of the SBC@β-FeOOH composite was discussed. The SBC@β-FeOOH composite was used in 21 

fixed-bed columns for the effective removal of doxycycline (DC) from an aqueous solution, by the 22 

synergistic effect of adsorption and Fenton-like oxidation reaction. The effects of inlet DC 23 

concentration (22-32 mg/L) feed flow rate (1-3 mL/min) SBC@β-FeOOH bed depth (0.7-1.5 cm) 24 

and pH (2-11) on the adsorption breakthrough profiles were investigated. The adsorption process 25 

was controlled by the ionic speciation of the adsorbate DC and the available binding sites of 26 

SBC@β-FeOOH. It was simulated by the Thomas and Yoon-Nelson models at different conditions. 27 

The bed of SBC@β-FeOOH saturated with DC was readily regenerated, in situ, by a 28 

heterogeneous Fenton-like oxidation reaction. The synergistic effect resulting from the biosorption 29 

nature of SBC and the catalytic oxidation properties of the supported β-FeOOH nanoparticles 30 

results in a new promising composite material for water treatment and purification.  31 
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1. Introduction 35 

Adsorption using activated carbons is a widely used method to remove pollutants from water 36 

and wastewater [1-4]. However, the use of commercial activated carbons for water treatment can 37 
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be limited due to their relative high cost, especially in developing countries. In an effort to reduce 38 

the cost of the carbon sorbent material, the production of activated biocarbons from agricultural 39 

waste residues has attracted significant attention, also led by a sustainable utilization of natural 40 

carbon resources and the respect to the environment. For example, classical agricultural waste 41 

including rice husk [5], cocoa shell [6], peanut hull [7], trapa natans husk [8], grape stalk [9], 42 

cotton stalk [10] etc., have been extensively utilized for the preparation of activated biocarbon 43 

with a high adsorption capacity, substantial mechanical strength and low ash content [11]. Sea 44 

buckthorn is a thorny and branched deciduous shrub, 3-15 feet high, widely distributed in many 45 

countries including China, India, Pakistan, Nepal, Myanmar, Finland, Russia, Romania, Germany, 46 

Britain, and many other high altitude areas [12]. Nevertheless, sea buckthorn branches, as the 47 

by-product during the picking process of the fruit, have already given rise to environmental 48 

problems because of the chronic and casual disposal or incineration, which in turn may cause 49 

further water or air pollution. As a typical carbon-rich, cost-free and abundant agricultural solid 50 

waste, sea buckthorn branches offer a good natural source for the sustainable production of an 51 

effective activated biocarbon.  52 

The treatment of contaminated water by heterogeneous Fenton oxidation with traditional 53 

slurry suspensions of iron oxide can be an expensive process since often large volumes of reagents 54 

(H2O2) and catalyst (Fe2+) are needed, the water matrix usually consume inefficiently •OH radicals 55 

and in consequence, longer contact times are often required [13,14]. In contrast, the efficiency of 56 

the heterogeneous Fenton process for the treatment of wastewater can be increased significantly 57 

by applying an enrichment or pre-concentration sorption method prior to the oxidation of the 58 

contaminants by the Fenton process on the immobilized iron oxide [15,16]. For example, in our 59 

previous study the embedding of Fe3O4 nanoparticles onto the surface of yeast integrated the 60 
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biosorption features of yeast cells with the magnetic and Fenton catalytic properties of Fe3O4 61 

nanoparticles, which was highly effective for the removal and oxidation of the cationic dye 62 

methylene blue in water and wastewater [17]. The enhanced performance of this composite 63 

catalyst can be attributed to the consecutive and synergistic effect of yeast biosorption and Fe3O4 64 

nanoparticles heterogeneous Fenton oxidation/regeneration cycles.  65 

Akaganeite, β-FeOOH, has been reported as a promising material for Fenton-like reactions in 66 

heterogeneous systems, due to its large tunnel-type structure with iron atoms strongly bonded to 67 

the framework [18-20]. Miyata et al. [21] reported that β-FeOOH was the most active among a 68 

range of iron oxides and hydroxides (α-FeOOH, β-FeOOH, Fe3O4, α-Fe2O3 and γ-Fe2O3) for the 69 

reduction of 4-nitrotoluene. Zhang et al. [22] developed TiO2/β-FeOOH composite catalysts, 70 

which exhibited excellent catalytic activity for the reduction of Cr(VI).  71 

Inspired by this background, in this study we have assembled β-FeOOH nanoparticles onto 72 

SBC activated biocarbons scaffolds through a simple hydrothermal process. Based on the XRD, 73 

SEM, and EDS characterization methods, a possible formation mechanism of the SBC@β-FeOOH 74 

composite was proposed. The adsorption and catalytic properties of the SBC@β-FeOOH were 75 

investigated for the removal of doxycycline (DC), a common antibiotics compound used in human 76 

therapy and the livestock industry [23-27], over a continuous, fixed-bed column system operated 77 

in a cyclical manner of adsorption and regeneration. The breakthrough curves for the adsorption of 78 

DC in the fixed-bed column were analyzed using mathematical models. The regeneration of the 79 

saturated SBC@β-FeOOH composite sorbent was carried out by triggering the Fenton oxidation 80 

reaction over the immobilized iron (β-FeOOH) by flowing an aqueous H2O2 solution. The 81 

robustness of the materials over multiple loading and regeneration cycles makes it feasible for 82 

practical environmental applications. 83 
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2. Materials and methods 84 

2.1. Materials 85 

The sea buckthorn branches used in this work were collected from Qinghai Province. Ferric 86 

chloride hexahydrate (FeCl3·6H2O), urea (CON2H4), zinc chloride (ZnCl2) and DC (C22H24N2O8) 87 

were provided by Xi’an Chemical Agent Corp. All chemicals used in this work were of analytical 88 

grade and used without further purification. Distilled water was used through all the experiments.  89 

2.2. Fabrication of SBC@β-FeOOH  90 

Sea buckthorn branches were impregnated with the activating agent ZnCl2 in a 1/1 (w/w) 91 

(waste/ZnCl2) ratio, for 24 h at room temperature. The material was then pyrolyzed in a tubular 92 

furnace at the temperature of 773 K for 1 h under N2 atmosphere. The carbonized sample (SBC) 93 

was further washed with distilled water three times. 94 

The SBC@β-FeOOH was prepared by a hydrothermal reaction process. In detail, 0.05 M 95 

FeCl3·6H2O and 0.2 M urea were firstly dissolved in distilled water at room temperature and 96 

under vigorous stirring to form a saffron yellow solution. Then, SBC was added to the saffron 97 

yellow solution and the color of the mixed solution changed to black. The mixture was transferred 98 

to a Teflon-lined stainless steel autoclave of 50 mL capacity and distilled water was added up to 99 

80% of the total volume of the vessel. The vessel was sealed and maintained at 353 K for 6 h. The 100 

autoclave was then allowed to cool down to room temperature under ambient conditions. The 101 

resulting products were filtered, washed with distilled water, and finally dried under vacuum at 102 

333 K for 6 h.  103 
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2.3. Characterizations of SBC@β-FeOOH 104 

With the purpose of measuring the composition and phase purity of the samples, X-ray 105 

diffraction (XRD) were carried out on a Rigaku D/MAX-3C diffractometer operated at a voltage 106 

of 40 kV and a current of 20 mA at a 0.028 scan rate with Cu Ka radiation. Scanning electron 107 

microscopy (SEM) images were taken on a Tescan VEGA II LMH to determine the morphology of 108 

the SBC and SBC@β-FeOOH materials. The elemental distribution of iron, carbon, and oxygen in 109 

the SBC@β-FeOOH was evaluated using a multipoint energy-dispersive X-ray spectrometer (EDS; 110 

equipped with Hitachi S-2700 scanning electron microscope). 111 

2.4. Adsorption tests 112 

In order to investigate the synergistic effect of adsorption and the subsequent heterogeneous 113 

Fenton reaction, a fixed-bed column made of glass tube with an internal diameter of 0.6 cm and a 114 

length of 15 cm was packed with SBC@β-FeOOH and was operated in an up-flow mode. The 115 

effect of the influent DC concentration (22, 27 and 32 mg/L), flow rate (1, 2, and 3 mL/min), bed 116 

depth (0.7, 1.1 and 1.5 cm) and pH (2, 4, 6, 9, 11) on the column performance were investigated. 117 

Effluent samples from the column were collected at defined time intervals and analyzed by a 118 

Jenway 6405 UV−vis spectrophotometer at 351 nm.  119 

The dynamic response and operation of the sorption column was evaluated by the analysis of 120 

the DC adsorption breakthrough profiles determined as the ratio Ct/C0 vs t (min), where C0 is the 121 

influent concentration, Ct is the effluent concentration, and t is the elapsed time. Q (mL/min) is the 122 

influent flow rate and ttotal (min) is the total flow time. 123 

The volume effluent VEff (mL) processed was determined as: 124 
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Eff total=V Q t⋅                              (1) 125 

The total mass of DC adsorbed, qtotal (mg), was estimated by the area described under the 126 

breakthrough curve: 127 

total

total 0 t0
( )

1000
t t

t

Qq C C dt=

=
= −∫                        (2) 128 

The equilibrium uptake qe (mg/g) was evaluated using Eq. (3) as the total amount of adsorbed 129 

(qtotal) per gram of adsorbent m (g) when steady state conditions in the column were reached. 130 

total
e

q
q

m
=                                (3) 131 

The total amount of DC fed to column mtotal (mg) was calculated from Eq.(4): 132 

0 total
total 1000

C Q t
m

⋅ ⋅
=                             (4) 133 

The empty bed contact time (EBCT) in the column, was evaluated by the ratio of the bed 134 

volume and the flow rate: 135 

bed volume (mL)EBCT(min)
 (mL/min)Q

=                     (5) 136 

2.5. Heterogeneous Fenton oxidation regeneration 137 

The regeneration of the saturated sorbent in the bed was carried out by injecting an aqueous 138 

solution of H2O2 at a flow rate of 1 mL/min for 2 h, which triggered a Fenton-like oxidation 139 

reaction and the oxidation of the sorbed contaminants. The bed was then washed with distilled 140 

water, before the next loading cycle of a DC solution (27 mg/L) was flowed through the 141 

regenerated-bed column (1.1 bed depth) at a flow rate of 1 mL/min. After loading to the 142 

breakthrough point reaching saturation, the regeneration procedure was repeated as explained 143 

above.  144 
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3. Results and discussion 145 

3.1. Characterization of SBC@β-FeOOH and formation mechanism 146 

Fig. 1  147 

The XRD patterns of the primitive SBC powder (trace a), the parallel β-FeOOH 148 

nanoparticles (trace b) and the SBC@β-FeOOH samples (trace c) are presented in Fig. 1, 149 

respectively. The broad diffraction peak around 2θ = 20° (trace a) indicates that the primitive SBC 150 

powder was of amorphous structure. The same shape was well established in other amorphous 151 

substance such as yeast-based activated biocarbon or commercially available activated carbon [28, 152 

29]. The XRD pattern of the parallel β-FeOOH nanoparticles (trace b), matched the diffraction of 153 

tetragonal akaganeite (JCPDS card No. 34-1266) with cell constants of a = b =10.535 Å and c = 154 

3.030 Å. Comparatively, the peaks of the as-prepared SBC@β-FeOOH species (trace c) were in 155 

agreement with the theoretical data of the tetragonal β-FeOOH phase. Since no further impurities 156 

peaks were detected, the successful loading of β-FeOOH on the SBC@β-FeOOH composites was 157 

confirmed.  158 

Fig. 2  159 

The formation of the β-FeOOH nanoparticles on the structure of SBC@β-FeOOH composites 160 

was further investigated by SEM analysis. Fig. 2a displays the morphology of the naked SBC 161 

powder, which has irregular shape with a large amount of pores on the surface. At higher 162 

magnification (Fig. 2b), the SBC abundant cavities with diverse diameters pervaded 163 

homogeneously on the surface of SBC, which contributed to the relatively large specific surface 164 

area of the SBC@β-FeOOH composites. Furthermore, the inset image in the bottom right corner 165 

of Fig. 2b demonstrated the longitudinal cross-section of the pores exhibiting a distinct tubular 166 
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shape. The loading of many β-FeOOH fine particles onto the SBC scaffold (Fig. 2c) led to a rough 167 

topographical surface of the SBC@β-FeOOH composite. The surface of the SBC was covered by 168 

small β-FeOOH nanoparticles, however, the porous structure of the parent SBC was maintained, 169 

which should favour the adsorption of contaminants. The occurrence of choked phenomenon for a 170 

few pore channels, in comparison with the original SBC substrate, provided assertive evidence 171 

that the β-FeOOH nanoparticles were anchored onto the surface of the SBC scaffold. Further, the 172 

absence of scattering particles around the composite material implied a strong adhesion between 173 

the SBC scaffold and the β-FeOOH nanoparticles. The higher magnification image in Fig. 2d 174 

shows β-FeOOH nanoparticle with an ellipsoidal morphology and smooth surface, resembling a 175 

1D nanorods, 70-120 nm in width and 300-400 nm in length.  176 

Fig. 3  177 

The elemental composition of the composite was investigated by two-dimensional X-ray 178 

mapping of selected SBC@β-FeOOH zones (Fig. 3a). EDS analysis of SBC@β-FeOOH (the inset 179 

in the bottom left corner of Fig. 3a) showed that C, O, and Fe were the main elemental 180 

constituents, confirming the purity of the composite. The clear C, O and Fe elemental mapping 181 

images of SBC@β-FeOOH (Fig. 3b-d), indicated the homogeneous dispersions of C, O, and Fe on 182 

the surface of SBC substrate. More importantly, the elaborative observation of Fig. 3d confirmed 183 

that β-FeOOH nanoparticles were almost uniformly deposited on the SBC surface.  184 

On the basis of XRD, SEM and EDS, a possible formation mechanism of β-FeOOH 185 

nanocrystals on the SBC substrate was proposed. The mechanism includes attachment, nucleation, 186 

growth and surface-regulation. Initially, minute β-FeOOH nanocrystals, assembled on the SBC, 187 

are gradually produced with an attachment process. The SBC possesses rough surfaces rich in 188 

hydroxyl group, and the bonding property of these functional groups on the ferric ions favors the 189 
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nucleation [30] of β-FeOOH on the SBC scaffold. The nucleation of nanocrystals is facilitated and 190 

energetically favoured, since the interfacial energy between the SBC and the β-FeOOH 191 

nanocrystal is smaller than the interfacial energy between the solution and the crystal. The 192 

granules formed at the early stage act as the cores for the further growth of β-FeOOH crystallites. 193 

With the adsorption to the ferric ions in β-FeOOH crystal nucleus, the epitaxial crystal growth 194 

takes place, at a suitable nucleating velocity, along the most favourable direction of crystallization 195 

from the nuclei, following a structure identified by a stack of O3 and Fe layers: 196 

–Fe–Fe–O3–Fe–Fe–O3– [31]. The N–C=O groups of urea easily attach to the surface of the crystal 197 

faces gradually reducing the rate of growth of the crystal at the given crystallographic orientation 198 

[32], eventually blocking the further growth of these planes at later reaction times. In parallel, the 199 

subsequent nucleation and precipitation of β-FeOOH at an appropriately controlled rate and the 200 

anisotropic growth of the β-FeOOH nanocrystals, continues. This results in the growth of ellipsoid 201 

nanostructures. Finally, well-defined SBC@β-FeOOH composite materials are obtained with the 202 

rough surface assembled by β-FeOOH nanorods. The proposed mechanism was more explained 203 

by scheme reactions as follows: 204 

CO(NH2)2+3H2O→CO2+2NH4OH 205 

Fe3++3NH4OH→Fe(OH)3+3NH4
+ 206 

Fe(OH)3→β-FeOOH+H2O 207 

3.2. Effects of operating conditions on DC adsorption in a fixed bed column 208 

The performance of the SBC@β-FeOOH composite was evaluated in a fixed-bed column 209 

process operated for the sorption of DC from aqueous solutions. The use of a fixed-bed column 210 

process [33-36] allows more effective utilization of the absorbent capacity of the sorbent and 211 
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results in an effluent with higher quality [37]. In addition, in comparison with the batch method, 212 

the use of a fixed-bed column allows more effective cycles of adsorption/regeneration and reuse of 213 

the sorbent, and ultimately the scale-up of fixed-bed columns from the laboratory to pilot and 214 

industrial scale.  215 

3.2.1. Effect of initial DC concentration, bed depths and flow rate 216 

Fig. 4  217 

The breakthrough profiles in Fig. 4a show that the breakthrough time decreased from 80 to 218 

48 min when the concentration of DC of the influent varied from 22 to 32 mg/L in a bed of 1.1 cm 219 

in depth, operated at a flow rate of 1 mL/min and pH 6. These results are summarized in Table 1. 220 

The breakthrough curves were sharper at higher DC concentration, which suggested a relatively 221 

smaller depth of the mass-transfer zone and that intraparticle diffusion of the DC controlled the 222 

adsorption process. Equal observations have been reported for the biosorption of Cr (III) by olive 223 

stones [38] and in the removal of methylene blue by rice husk [39]. In addition, since the total 224 

amount of DC adsorbed decreased with increasing concentrations of DC in the influent, the 225 

diffusion process was concentration dependent. 226 

The rate of accumulation of DC in the fixed-bed column is a function of the total mass of 227 

sorbent in the column. Fig. 4b show that the breakthrough time increased as the SBC@β-FeOOH 228 

bed depth varied from 0.7 to 1.5 cm, at a flow rate of 1.0 mL/min, an influent DC concentration of 229 

27 mg/L and pH 6. The EBCT increased from 0.198 to 0.424 min as the bed depth was increased, 230 

which implies that the DC molecules could diffuse more effectively into the pore structure of the 231 

SBC@β-FeOOH with increased bed-depths. In this case, the mass-transfer zone formed moves 232 

further down the bed when bed depth increases, allowing a more effective contact between DC the 233 
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SBC@β-FeOOH in the column. On the other hand, the slope of the breakthrough curve reduced as 234 

the bed depth increased, which implies a broadening of the mass transfer zone. Obviously, the 235 

highest adsorption capacity occurred at the highest bed depth, since the total surface area of the 236 

adsorbent increased [40-42].  237 

The breakthrough curves of DC at various flow rates from 1.0 to 3.0 mL/min with a bed 238 

depth of 1.1 cm, pH 6 and an initial DC concentration of 27 mg/L are shown in Fig. 4c. The 239 

breakthrough time decreased significantly with an increase in the flow rate, however, as the flow 240 

rate increased, much sharper breakthrough curves for DC adsorption onto SBC@β-FeOOH were 241 

observed. This results from a decrease in the contact time, which diminished the interaction of the 242 

DC solution with the SBC@β-FeOOH. In other words, at a lower flow rate DC had longer time to 243 

diffuse into the pores of the SBC@β-FeOOH and this resulted in a higher removal of DC in the 244 

column. Hence, breakthrough occurred later, resulting in higher bed adsorption capacity. 245 

Additionally, increasing the flow rate increases the rate of external mass transfer film thickness 246 

and resistance decreased by, leading to a higher overall mass transfer coefficient and adsorbate 247 

fluxes [43]. 248 

3.2.2. Effect of pH 249 

The pH is an important factor that affects the sorption capacity of the sorbent. The pH has a 250 

significant effect of on the prevalent adsorption mechanisms and reflects the nature of the 251 

physico-chemical interaction of the compounds in solution and the binding sites of the sorbent 252 

[44]. Thus the pH of DC solution fed to the bed was fixed at 2.0, 4.0, 6.0, 9.0, and 11.0, while the 253 

influent DC concentration, flow rate and bed depth were kept constant at 27 mg/L, 1 mL/min, and 254 

1.1 cm, respectively. The results presented in Figure 4(d) and Table 1shows that an increase in pH 255 
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of the feed solution decreases the volume of water treated until breakthrough of the bed occurred. 256 

In addition, as pH decreased, the breakthrough curves shifted to longer times removing more DC 257 

molecules. DC is an amphoteric molecule with multiple ionizable functional groups such as amino, 258 

phenol and alcohol at various pH values and has three pKa values (3.5, 7.7 and 9.5), thus its 259 

predominant species are cation (DC+) (below pH 3.5), due to the protonation of 260 

dimethyl-ammonium group, zwitterion (DC0) (between pH 3.4 and 7.7), when the proton of 261 

phenolic diketone moiety is lost, and anion (DC– and DC2–, respectively, above pH 7.7 and 9.5), 262 

resulting from the loss of protons from the phenolic diketone moiety and tri-carbonyl system. For 263 

SBC@β-FeOOH, a low pH increased protonation, and this contributed to the diffusion of DC into 264 

the pores and generated a great deal of active sites on the surface of adsorbents [45]. Thus the 265 

increased adsorption capacity of DC at acidic condition results from the cationic character of DC 266 

[46]. DC0 becomes predominant between pH 4 and 6, which decreases the electrostatic interatction 267 

with the sorbent and, therefore, the adsorption of DC through the surface of the SBC@β-FeOOH 268 

resulted in a shorter breakthrough time. When the pH is above 9, DC0 begins to transform into 269 

DC– and DC2–. The decreased adsorption of DC results from the ionization of the surface 270 

oxygenated groups of the SBC at more alkaline pH, which results in higher negative surface 271 

charge density. Thus repulsive electrostatic forces can occur between the adsorbent and the DC 272 

molecules [47]. In brief, the anionic character of DC at higher pH and the adsorption performance 273 

of the bed decrease very rapidly with the pH increase. On the other hand, the lower adsorption 274 

amounts under alkaline conditions may result from the weak interaction of cation-π bonding and 275 

π-π stacking with SBC@β-FeOOH during the DC adsorption process [48].  276 

Table 1 277 
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3.3. Adsorption columns modeling 278 

The design and scale-up of fixed-bed adsorption columns requires the evaluation of the 279 

breakthrough curves of the effluent. Among many mathematical models that have been proposed 280 

for the design of fixed-bed adsorption systems, in this study we used the Thomas [49] and 281 

Yoon-Nelson [50] models, which are among the most widely and common methods. 282 

3.3.1. Thomas model 283 

The Thomas model estimates the dependence of solute concentration with time, in a fixed 284 

bed column, when internal and external mass transfer limitations are insignificant and in the 285 

absence of axial dispersion. The model has the following form: 286 

0 T 0
T 0

t

ln( 1)
C k q m

k C t
C Q

− = −                        (6) 287 

where kT is the Thomas rate constant (mL/min mg), m is the mass of adsorbent (g), q0 is the 288 

equilibrium uptake capacity (mg/g) and Q is the flow rate (mL/min). C0 and Ct are influent and the 289 

effluent concentrations (mg/L) of DC at any time t (min). 290 

The adsorption capacity of the bed q0 and the adsorption kinetic constant kT were determined 291 

from a plot of ln[(C0/Ct] against t at constant flow rate.  The consistency of the experimental and 292 

predicted breakthrough curves of DC in the SBC@β-FeOOH fixed-bed columns was found to be 293 

satisfactory. A linear regression analysis of the experimental data and Eq. (6) were used to 294 

calculate the model parameters shown in Table 2. The regression coefficient (R2) which ranged 295 

from 0.925 to 0.984 indicates that the Thomas model portrayed the column experimental data for 296 

the adsorption of DC very well. Moreover, the values of kT decreased as the initial influent DC 297 

concentrations increased from 22 to 32 mg /L suggesting an increase of the effect of mass transfer 298 
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on the adsorption process. The highest kT value at the lowest C0 indicated that the adsorption of 299 

the DC was kinetically favorable at lower solute concentrations. The decrease of q0 noted results 300 

from a decrease in the driving force for adsorption between the concentration of DC in the bulk 301 

and on the sorbent. Again, as the bed depth increased, the rate constant (kT) decreased while the 302 

equilibrium uptake capacity (q0) significantly increased. The values of kT (mL/min•mg-1) were 303 

2.782, 6.267, and 12.467, respectively, with increasing flow rate of effluent while the values of q0 304 

decreased from 4.593 to 4.181. The increase of kT value indicates the decrease of the 305 

mass-transport resistance and axial dispersion. And the decrease of q0 is obvious as the adsorption 306 

capacity is directly proportional to the contact time. Thus, lower initial concentration, lower flow 307 

rate, and higher bed heights increase the rate of adsorption of DC in the SBC@β-FeOOH column.  308 

3.3.2. Yoon-Nelson model 309 

The Yoon-Nelson model is based on the assumption that the probability of adsorption onto 310 

the sorbent decreases as the fraction of solute being adsorbed decreases and as breakthrough is 311 

approached. The equation regarding to a single component system is expressed as: 312 

t
Y Y

0 t

ln
C

k t k
C C

t= −
−

                      (7) 313 

where kY is the adsorption rate constant (min-1), τ is the time to reach 50% of the adsorbate 314 

breakthrough (min) and t is the time (min). 315 

Plotting ln[Ct/(C0-Ct)] versus t determines the kinetic coefficient kY and τ through a linear fit 316 

of the experimental data, with slope of kY and intercept τkY. The Yoon-Nelson model sufficiently 317 

described the adsorption of DC on SBC@β-FeOOH in the fixed-bed columns. The R2 values were 318 

higher than 0.925. The Yoon-Nelson model parameters were shown in Table 2. The times needed 319 

for 50% DC breakthrough from the experiments was in close agreement with the τ obtained from 320 
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the Yoon-Nelson model. The rate constant kY increased and the 50% breakthrough time τ 321 

decreased when both flow rate and DC inlet concentration increased. The values of τ increased and 322 

of kY decreased with increasing bed heights. Similar observations were made in sorption studies 323 

using granular activated carbon made from waste [51] and chitosan-clay [52].  324 

Table 2 325 

3.4. Heterogeneous Fenton oxidation in situ regeneration 326 

Fig. 5  327 

To exemplify the synergistic effect of adsorption and heterogeneous Fenton-like reaction, the 328 

DC-saturated beds were regenerated by H2O2. The small variation of the regeneration efficiency of 329 

the SBC@β-FeOOH beds regenerated with different H2O2 doses (Fig. 5) . As seen in Fig. 5, the 330 

regenerated SBC@β-FeOOH bed could attain a breakthrough time that coincided with that of 331 

fresh product.  332 

total
2 2

total

 in the regenerated carbon
H O -regeneration efficiency(%)= 100%

 in the fresh carbon
t

t
⋅           (8) 333 

The regeneration efficiency of the saturated SBC@β-FeOOH using H2O2 (Eq. 8) was 334 

calculated as 78.1%, 90.6%, 65.6% and 56.3% for H2O2 concentrations in the feed of 3%, 5%, 335 

10% and 15% (wt%), respectively. Obviously, the regeneration efficiency of the saturated 336 

SBC@β-FeOOH catalyst can be easily controlled by adjusting the H2O2 dosage. At low H2O2 337 

dosage (e.g., 5%), the •OH and •OOH radicals generated by the Fenton-like reactions can attack 338 

the DC molecules easily [53], however, at higher H2O2 concentration such as 10% and 15% the 339 

scavenging of the radical species by H2O2 may become significant and hence the overall 340 

degradation efficiency of DC may decrease [53,54].  341 

Scheme 1 342 



 17 

The results demonstrated that flowing relatively low concentrations of aqueous H2O2 can 343 

efficiently restore the sorption capacity of saturated SBC@β-FeOOH columns. The regeneration 344 

performance of saturated SBC@β-FeOOH with 5% H2O2 in the fixed-bed column for three 345 

consecutive loading cycles is also shown in Fig. 5. The regeneration efficiency slightly decreased 346 

during the three consecutive cycles, which also coincided with a similar decrease of the adsorption 347 

capacity during the first and second absorption cycle. This might result from the stronger affinity 348 

of the intermediate products generated during the degradation process of DC. Despite this, the 349 

overall results support the idea that SBC@β-FeOOH composite integrates the biosorption features 350 

of SBC and catalytic properties of β-FeOOH nanoparticles, implying that the SBC@β-FeOOH can 351 

be used on multiple absorption cycles.  352 

A schematic of the in-situ regeneration mechanism of the SBC@β-FeOOH composite is 353 

presented in Scheme 1. The regeneration processes might be ascribed to the synergistic effect, 354 

which works by the cooperation of biosorption merits of SBC and the heterogeneous catalytic 355 

oxidation properties of the supported β-FeOOH nanoparticles. More specifically, the DC 356 

molecules can be transferred from the aqueous solution to the SBC by sorption and 357 

pre-concentrated on the bare areas of the SBC@β-FeOOH composite. Then, the adsorbed DC 358 

molecules can be oxidized by the heterogeneous β-FeOOH/H2O2 Fenton-like oxidation reaction 359 

by switching to a flow of an H2O2 in water which generated radical species [55-57]. Firstly, 360 

SBC≡Fe3+ is reduced to SBC≡Fe2+ by H2O2, generating •OOH. Secondly, the SBC≡Fe2+ produced 361 

reacts with another molecule of H2O2, producing hydroxyl anion and •OH radical. In addition, the 362 

combination of H2O2/SBC≡Fe3+ produced SBC≡Fe2+ and •OOH radical followed by the 363 

reoxidation of SBC≡Fe2+ by H2O2. Therefore, DC molecules can be oxidized by the combined 364 

action of •OH and •OOH, and the adsorbed DC molecules on the surface of SBC@β-FeOOH 365 
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composite were removed completely. In consequence, the saturated adsorption sites on the surface 366 

of SBC@β-FeOOH composite could be easily regenerated. Compared with other types of 367 

adsorbent, such as activated carbon samples with ferric nitrate[46], magnetic porous carbon with 368 

maghemite[48] graphene-like layered molybdenum disulfide [58] and montmorillonite[59], the 369 

most obvious advantage of SBC@β-FeOOH is its regeneration capacity which was structured by 370 

heterogeneous Fenton-like oxidation in the treating process of doxycycline. 371 

4. Conclusion 372 

A novel and low-cost composite material SBC@β-FeOOH, which integrates the biosorption 373 

features of SBC and catalytic properties of β-FeOOH nanoparticles, was synthesized in one step 374 

via a hydrothermal process. The SBC@β-FeOOH proved to be a promising and effective 375 

composite material for the removal and the oxidative destruction of DC from aqueous solution 376 

performed in a fixed-bed column study. The adsorption of DC on SBC@β-FeOOH bed was found 377 

to be depended on the influent concentration, flow rate, bed depth and pH. The SBC@β-FeOOH 378 

adsorbent was suitable for the adsorption of DC at acidic, neutral and mildly alkaline pH, with the 379 

highest performance observed at acidic pH. The adsorption process was controlled by the ionic 380 

speciation of the adsorbate DC and the available binding sites of SBC@β-FeOOH. Under the 381 

experimental condition, the column experimental data were analyzed by the Thomas and 382 

Yoon-Nelson models. H2O2-based heterogeneous Fenton oxidation proved to be a viable and 383 

efficient process for the in situ regeneration of SBC@β-FeOOH saturated beds. The results 384 

demonstrate that the sea buckthorn branches are a potential material for the preparation of SBC. 385 

Considering the facile method of fabrication of the composite from abundant and low cost 386 

agricultural wastes, the superior adsorption performance, the simple and effective way of 387 

javascript:void(0);
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regeneration and the robustness of the adsorbent for consecutive adsorption/regeneration cycles, 388 

we conclude that the SBC@β-FeOOH composite should be a promising and practical adsorbent 389 

for removal and destruction of organic compounds in wastewater. The embedding of β-FeOOH 390 

onto the SBC surface can be extended to the simple fabrication of other β-FeOOH 391 

nanoparticles/agricultural wastes materials. 392 
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Table captions 

Table 1. Parameters in fixed-bed column for DC adsorption by SBC@β-FeOOH. 

Table 2. Parameters of Thomas and Adams-Bohart models for DC adsorption by 

SBC@β-FeOOH. 

. 

  



Table 1. 
  

C0 
(mg/L) 

Z 
(cm) 

Q 
(mL/min) 

pH 
ttotal 

(min) 
mtotal 
(mg) 

qtotal 
(mg) 

qe 

(mg/g) 
VEff 

(mL) 
EBCT 
(min) 

22 1.1 1 6 80 1.760 0.593 7.409 80 0.311 
27 1.1 1 6 64 1.728 0.459 5.734 64 0.311 
32 1.1 1 6 48 1.536 0.385 4.816 48 0.311 
27 0.7 1 6 44 1.188 0.264 5.286 44 0.198 
27 1.1 1 6 64 1.728 0.459 5.734 64 0.311 
27 1.5 1 6 88 2.376 0.744 6.767 88 0.424 
27 1.1 1 6 64 1.728 0.459 5.734 64 0.311 
27 1.1 2 6 31 1.674 0.456 5.703 62 0.156 
27 1.1 3 6 18 1.458 0.448 5.597 54 0.104 
27 1.1 1 2 108 2.916 1.072 13.403 108 0.311 
27 1.1 1 4 84 2.268 0.753 9.408 84 0.311 
27 1.1 1 6 64 1.728 0.459 5.734 64 0.311 
27 1.1 1 9 52 1.404 0.302 3.773 52 0.311 
27 1.1 1 11 32 0.864 0.203 2.533 32 0.311 

  



Table 2. 
  

 
C0 

(mg/L) 

 
Z 

(cm) 

 
Q 

(mL/min) 

 
pH 

Thomas model Yoon & Nelson model 
kT×10-3 

mL/min·mg 
q0 

mg/g 
R2 

KY 

min-1 
τ 

min 
R2 

22 1.1 1 6 2.785 7.111 0.9435 0.061 25.97 0.9435 
27 1.1 1 6 2.782 4.593 0.9404 0.075 13.63 0.9404 
32 1.1 1 6 3.316 3.438 0.9837 0.106 8.60 0.9837 
27 0.7 1 6 4.000 2.839 0.9675 0.108 5.26 0.9675 
27 1.1 1 6 2.782 4.593 0.9404 0.075 13.63 0.9404 
27 1.5 1 6 2.341 6.810 0.9253 0.063 27.83 0.9253 
27 1.1 1 6 2.782 4.593 0.9404 0.075 13.63 0.9404 
27 1.1 2 6 6.267 4.393 0.9359 0.169 6.51 0.9359 
27 1.1 3 6 12.467 4.181 0.9620 0.337 4.13 0.9620 
27 1.1 1 2 2.337 15.103 0.9142 0.063 44.75 0.9142 
27 1.1 1 4 2.503 9.783 0.9163 0.068 28.98 0.9163 
27 1.1 1 6 2.782 4.593 0.9404 0.075 13.63 0.9404 
27 1.1 1 9 3.363 1.975 0.9275 0.091 5.85 0.9275 
27 1.1 1 11 6.241 1.657 0.9846 0.169 4.91 0.9846 

  
 



Figure captions 

Figure1. XRD pattern of (a) the original SBC powder, (b) parallelβ-FeOOH nanoparticles 

and (c) SBC@β-FeOOH samples. 

Figure 2. SEM images of (a) overall morphology of original SBC powder, (b) SBC observed 

under higher magnification, (c) the SBC@β-FeOOH products, and (d) an enlarged image of 

SBC@β-FeOOH under greater magnification. 

Figure 3. Selected zones of SBC@β-FeOOH samples (a) and corresponding X-Ray mapping 

(b) for C, (c) O, and (d) Fe elements. 

Figure 4. Effect of (a) initial DC concentration (Z = 1.1 cm, Q=1.0 mL/min, pH=6), (b) bed 

depths (C0 = 27 mg /L, Q=1.0 mL/min, pH=6) (c) flow rate (Z = 1.1 cm, C0 = 27 mg /L, pH=6) 

and pH (Z = 1.1 cm, Q=1.0 mL/min, C0 = 27 mg /L) on breakthrough curve. 

Figure 5. Schematic of the in-situ regeneration mechanisms (a) and breakthrough time of the 

regenerated SBC@β-FeOOH at various H2O2 concentration compared with fresh (b) products. 

Scheme 1 Formation mechanisms for the SBC@β-FeOOH composite and their synergetic 

effect in the removal of DC aqueous solution. 
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