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The secondary treated effluents of pulp and paper mills contain high 
chemical oxygen demand (COD) that is associated with organic matter. 
Therefore, this study explores the adsorption of substances contributing 
to COD using CoFe2O4 and quartz sand-coated CoFe2O4 in batch and 
fixed-bed column experiments. X-ray diffraction, scanning electron 
microscopy, Brunauer–Emmett–Teller analysis, and X-ray photoelectron 
spectroscopy were used to characterize the adsorbents. The quartz sand-
loaded CoFe2O4 exhibited a larger pore volume and average pore size. 
Batch experiments revealed that adsorption on CoFe2O4 closely fit the 
pseudo-second-order model. To explore the effects of bed depth, feed 
flow rate, and initial solution pH on the breakthrough characteristics of 
CoFe2O4-coated sand, fixed-bed column experiments were conducted, 
and the breakthrough curves were drawn from the ratio of influent COD 
concentration to effluent COD concentration. The breakthrough time 
decreased with an increase in the feed flow rate and initial pH but 
increased with the bed depth. According to the X-ray photoelectron 
spectroscopy analysis, CoFe2O4-coated sand showed excellent stability 
due to negligible leaching of metallic elements. These findings have 
important implications for the advanced treatment of industrial wastewater. 
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INTRODUCTION 
 

 CoFe2O4 is a moderately saturated magnetic material with excellent chemical 

stability, mechanical hardness, and a wide optimum pH range (Zhang et al. 2017; Sohail 

et al. 2018). The introduction of Co to iron oxides has been reported to produce the 

compound CoxFe3-xO4, which can promote both H2O2 decomposition and the oxidation of 

organic pollutants (Costa et al. 2006). Moreover, studies on the catalytic degradation of 

dye wastewater by CoFe2O4 nanoparticles have shown that CoFe2O4/GO exhibits superior 

catalytic activity for the removal of RhB (Dong et al. 2013). However, there are several 

drawbacks to the application of nano-sized ferrite particles. Aqueous CoFe2O4 

nanoparticles are available in the form of a fine powder. In this form, CoFe2O4 has good 

adsorption performance for trace metals and organic pollutants; however, solid/liquid 

separation is difficult (Cheng et al. 2014). In addition, CoFe2O4 nanoparticles tend to 

aggregate and form large particles in aqueous solution, resulting in a loss of dispersion and 

specificity, reduced catalyst activity, and deteriorated adsorption performance. The 

immobilization of iron oxide nanoparticles on a quartz sand surface has been demonstrated 
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as a technique to preserve these unique catalyst properties (Yang et al. 2015). Iron oxide-

coated sand is easy to prepare and convenient for use in filtration devices (Benjamin et al. 

1996). Under these conditions, solid/liquid separation and regeneration are simple (Yang 

et al. 2015). Iron-coated sand has previously been used to remove organic contaminants 

and heavy metals from synthetic and real wastewater (Korshin et al. 1997; Lai and Chen 

2001; Arias et al. 2006; Jiang et al. 2014; Liu et al. 2014). Vinosha et al. (2021) indicated 

that the application of CoFe2O4 in water treatment has not been sufficiently studied before 

and outlined the advantages of CoFe2O4 in water treatment. However, relatively few 

studies have been conducted on loading CoFe2O4 onto a sand surface and investigating its 

adsorption and degradation properties in real industrial wastewater. Loading CoFe2O4 onto 

the surface of quartz sand not only enables filtering and trapping but also increases the 

number of active adsorption sites on the surface of the quartz sand, which can then adsorb 

and remove dissolved pollutants in water. Moreover, quartz sand is easily separated from 

water and regenerated (Gao et al. 2020). 

 Pulp and paper (P&P) mills produce large amounts of wastewater with high 

suspended solids (SS), high color, and poor biodegradability (Toczylowska-Maminska 

2017). Secondary treatment technologies, such as primary clarification and biological 

treatment, are widely employed for papermaking wastewater treatment (Buyukkamaci and 

Koken 2010; Svensson and Berntsson 2014). However, conventional processes are not 

effective for the degradation of refractory organic pollutants; thus, secondary treated 

effluents still contain a considerable chemical oxygen demand (COD), toxicity, and color 

(Grötzner et al. 2018; Elnakar and Buchanan 2019). Many studies have shown that 

effluents from P&P mills seriously damage the environment (Ali and Sreekrishnan 2001; 

Sridhar et al. 2011; Wang et al. 2012b; Marques et al. 2017; Abedinzadeh et al. 2018). 

Under increasingly strict regulations for wastewater discharge, the search for efficient 

treatment techniques has become urgent. 

In this study, CoFe2O4 was coated onto a sand surface and used to investigate the 

adsorption/desorption of organic pollutants from the secondary effluent of P&P mills via 

batch and column experiments. The prepared samples were characterized by X-ray 

diffraction (XRD), scanning electron microscopy (SEM), Brunauer-Emmett-Teller 

analysis (BET), and X-ray photoelectron spectroscopy (XPS). The main research topic, 

i.e., the column adsorption of CoFe2O4-coated sand, was analyzed through a detailed 

investigation of the experimental parameters and by establishing optimal experimental 

conditions. 

  

 
EXPERIMENTAL 
 

Materials 
 In this study, FeCl3 · 6H2O, CoCl2 · 6H2O, Al (NO3) · 9H2O, citric acid (C6H8O7 · 

H2O), NH3·H2O (25 to 28%), H2O2 (30%), p-chlorophenol, HCl, and NaOH were 

purchased from Aladdin Industrial Co., Ltd., Shanghai China. All chemical reagents were 

of analytical grade and used without further purification. Deionized water was used in all 

experiments. The wastewater used in the experiment was obtained from the bio-treated 

effluent of Guangxi Guitang Sugar Group Co., Ltd. (Guigang, China). The pH value of the 

wastewater was 7.00 ± 0.10 and the COD was 118.40 ± 0.10 mg/L. 
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CoFe2O4-coated Sand Preparation 
 A quartz sand size range of 0.6 to 0.8 mm was selected. The sand was pretreated in 

0.1 mol/L HCl solution for 24 h, rinsed with deionized water, and dried at 105 ± 2 °C. A 

stock solution with a Co2+:Fe3+ molar ratio of 1:2 was prepared by dissolving CoCl2 · 6H2O 

(0.5 mol) and 1 mol FeCl3 · 6H2O in 40 mL of Milli-Q water. After 50 g of the pretreated 

quartz sand was added to the solution, the mixture was stirred well, and 20 mL of 0.8/L 

NaOH was added dropwise. After the reaction was complete, the composite was dried at 

105 ± 2 °C for 12 h, transferred to a polytetrafluoroethylene autoclave, and reacted at 400 

°C for 3 h. After cooling to room temperature (25 °C), the composite was washed with 

Milli-Q water to remove any CoFe2O4 particles that had failed to combine with the quartz 

sand. The scoured composition was then placed in a drying oven set at 105 ± 2 °C for 12 

h, and the final CoFe2O4-coated sand composite was prepared. 

 

Analytical Methods 
 CoFe2O4 and CoFe2O4-coated sand were analyzed using the following instruments 

or methods. The SEM was performed with a SU8220 instrument operating at 10 kV 

(Oxford spectroscopy; Hitachi, Tokyo, Japan). The XRD patterns were recorded using a 

MiniFlex 600 (Rigaku, Tokyo, Japan), with Cu-Kα radiation, a voltage of 40 kV, and a 

scan range of 20 to 80° (2θ). The pore size and specific surface area were analyzed via N2 

adsorption and desorption with an American Mike (Micromeritics, Atlanta, GA, USA) 

ASAP 2460. The XPS was performed with a K-Alpha+ probe (Thermo Fisher Scientific, 

Waltham, MA, USA) using monochromatic Al-Kα radiation (h = 1,486.6 eV). 

 

Batch Adsorption 
 Batch adsorption experiments were conducted at room temperature (25 °C). A 

certain amount of CoFe2O4-coated sand was placed in a 250-mL conical flask containing 

50 mL of papermaking wastewater. The bottles were placed on a horizontal rotary shaker 

at 120 r/min for a certain period. Following the adsorption step, the liquid samples were 

filtered through a 0.45-μm polycarbonate membrane, and the COD tests were conducted 

with the filtrate via potassium dichromate titration method. Each group of samples was 

analyzed in triplicate to obtain the average COD. 

 
Tests Using a Mini-column 
 Column experiments were conducted in a glass column with an internal diameter 

of 7 cm and a length of 60 cm. In this experiment, three different sizes for the packed bed 

(10, 20, and 30 cm) were used, which corresponded to 150, 295, and 421 g of CoFe2O4-

coated sand, respectively. The CoFe2O4-coated sand was loaded onto the column. A 5-cm 

high layer of quartz sand, with a diameter of 4 to 6 mm, was laid at the bottom of the 

column. Papermaking wastewater, with an initial COD concentration of 118.4 ± 0.10 mg/L, 

was pumped through the packed column at the desired flow rate using a peristaltic pump. 

Samples were collected from the column at regular time intervals and analyzed for their 

COD concentrations. Figure 1 shows the experimental setup. Samples were collected after 

adjusting the filter rate, and the COD was measured to determine the breakthrough curve 

of the adsorbed organic matter. 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zeng et al. (2021). “Papermaking wastewater,” BioResources 16(3), 5806-5820.  5809 

 
 
Fig. 1. Schematic of the experimental setup for the column studies (1: Wastewater; 2: Peristaltic 
pump hose; 3: Peristaltic pump; 4: Iron frame; 5: Retainer layer; 6: CoFe2O4-coated sand; 7: 
Sampling hole; and 8: Adsorbed wastewater) 

 
Regeneration 
 During the column adsorption tests, the adsorbed CoFe2O4-coated sand was 

regenerated by running a 0.01/L NaOH solution in a constant-temperature water bath 

oscillator at 120 rpm and 303 K for 12 h. After washing to neutral, the regenerated 

CoFe2O4-coated sand was reused to investigate its adsorption ability. 

 
 
RESULTS AND DISCUSSION 
 

Characterization of CoFe2O4 and CoFe2O4-coated Sand 
To explore the dispersion of CoFe2O4 particles on the sand surface, the morphology 

of the CoFe2O4-coated sand was investigated via SEM (Fig. 2). The sand served as a 

support and was coated with well-dispersed CoFe2O4. CoFe2O4 had a regular spherical or 

octahedral spinel structure with intergrouping of particles, which was consistent with the 

previously reported morphology of CoFe2O4 (Deng et al. 2013).  

The XRD patterns were measured to investigate the crystal structure of CoFe2O4, as 

shown in Fig. 3. CoFe2O4 exhibited seven diffraction peaks at 2θ = 18.3°, 30.1°, 35.4°, 

43.1°, 57.0°, 62.6°, and 74.0°, corresponding to the (111), (220), (311), (400), (511), (440), 

and (533) planes, respectively, which are characteristic XRD peaks of the cubic spinel 

structure of CoFe2O4 (Deng et al. 2013).  

The elemental composition of the sand and CoFe2O4-coated sand was examined via 

XPS (Fig. 4), which indicated three different peaks at 100, 285, and 530 eV, attributed to 

Si2p, C1s, and O1s, respectively. After CoFe2O4 was coated onto the sand surface, the peak 

intensities of Si and O decreased, and different peaks for Fe2p3/2 and Co2p3/2 appeared 

(Wang et al. 2012a), indicating that the Fe and Co compounds covered the sand surface. 

The atomic ratio of Fe/Co/O on the surface of the CoFe2O4-coated sand was 

23.58/10.94/45.68, which is similar to the stoichiometric ratio of CoFe2O4. In summary, 

the results of the SEM, XRD, and XPS analyses showed that CoFe2O4 was successfully 
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deposited onto the surface of the quartz sand, changing the profile and modifying the 

surface chemical functional groups of the quartz sand. 

 

  
 

Fig. 2. SEM images of the CoFe2O4-coated sand 
 

 
 

Fig. 3. XRD patterns of CoFe2O4 

 
 

Fig. 4. XPS spectra of the sand (black line) and 
CoFe2O4-coated sand (red line) 

 

The textural properties of the CoFe2O4 and CoFe2O4-coated sand were investigated 

using N2 adsorption/desorption isotherms (Fig. 5a, b). Table 1 lists the BET specific surface 

area, pore volume, and mean pore diameter of CoFe2O4 and CoFe2O4-coated sand. 

CoFe2O4 exhibited a wide pore size distribution, with the pore diameter of CoFe2O4 

nanocomposites ranging from 2.11 to 50.52 nm, whereas quartz sand loaded with CoFe2O4 

exhibited a narrow pore size distribution of 1.7 to 29.8 nm, with a pore size distribution 

predominantly between 1.7 and 8.7 nm, indicating a mesoporous material (Fig. 5a, b). A 

hysteresis loop appeared at approximately p/p0 = 0.6 in the adsorption-desorption isotherm 

of the CoFe2O4 and CoFe2O4-coated sand samples, indicating their porous structures. As 

listed in Table 1, the BET surface area of CoFe2O4-coated sand was 6.44 cm2/g, which was 

higher than that of the sand (0.1677 cm2/g). The CoFe2O4-coated quartz sand had a larger 

pore volume (0.00168 cm3/g) and average pore size (1.03 nm). 
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Fig. 5. N2 adsorption-desorption isotherm and pore size distribution of (a) CoFe2O4 and  
(b) CoFe2O4-coated sand 
 

Table 1. Specific Surface Area and Pore Size of the Sand and CoFe2O4-coated 
Sand 

 Pore Volume 
(cm3/g) 

Average Pore Size Pore Volume (cm3/g) 

Sand 0.00004 0.8333 0.1677 

CoFe2O4 0.02995 1.0579 114.47 

CoFe2O4-coated Sand 0.00168 1.0321 6.4412 

 
Batch Adsorption 

In the batch experiments, the pH of the CoFe2O4 adsorption procedure ranged from 

3 to 11 (Fig. 6). The pH values of the solutions were adjusted using 0.01 mol/L 

hydrochloric acid and sodium hydroxide. After the reaction, the solution was filtered 

through filter paper, and the COD tests were conducted with the filtrate via potassium 

dichromate titration method. The maximum removal rate of COD was 63.4% at a pH of 3 

and the effluent COD was 40.2 mg/L. This indicated that the adsorption of COD was more 

favorable under acidic conditions. A similar result has been reported in which the collection 

rate of pectin continuously decreases when the pH increases from 2 to 5, which may be due 

to the decrease in the reducing ability of carboxyl groups under weak acid conditions 

(Nguyen et al. 2021). At pH values from 5 to 10, the COD removal rate decreased from 

44.8 to 38.6% and exhibited a relatively stable trend, thereby broadening the range of pH 

applications of CoFe2O4 adsorbents. When the pH was increased to 11, the COD removal 

rate decreased to 26.0%. A study indicates that at basic pH, the adsorption rate decreases 

due to the formation of sulfate radicals that are quenched by OH-, while metal-hydroxide 

complexes may be formed on the surface of CoFe2O4 magnetic nanoparticles (MNPs), 

leading to a decrease in catalytic activity (Deng et al. 2013). In addition, the effect of pH 

on phenol in wastewater is significant, and the adsorption rate on phenol in wastewater 

dramatically decreased at pH above 8.5. Above this pH value, the phenol can be presented 

as phenolate ions (C6H5O-), thereby increasing the electrostatic repulsion with the carrier 

and leading to a decrease in adsorption capacity (Bouchra et al. 2019). These results 

indicate that the adsorption percentages for the organic pollutants strongly depend on the 

pH, and the adsorption capacity is large in the lower pH region. 
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Fig. 6. Effect of pH on the removal efficiency of the COD (initial COD of 118.4 mg/L; CoFe2O4 of 
0.15 g/50 mL; contact time of 2 h; and T = 303 K) 

 

Figure 7 shows the contact time for the adsorption of COD onto CoFe2O4 at 

different COD concentrations. The adsorption equilibrium for COD on CoFe2O4 was less 

than 50 min. To better interpret the adsorption behavior of CoFe2O4, pseudo-first-order 

(Eq. 1) and pseudo-second-order (Eq. 2) kinetic models were applied to fit the adsorption 

data: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1t)          (1) 

𝑞𝑡 =
𝑘2𝑞𝑒

2𝑡

1+𝑞𝑒𝑘2𝑡
,                (2) 

where qe and qt (mg/g) are the adsorption capacities at equilibrium and time t, respectively, 

and k1 and k2 are the rate constants [g/ (mg· min)]. As listed in Table 2, the pseudo-second-

order kinetic model (R2 = 0.9857) fit the experimental data better than the pseudo-first-

order kinetic model (R2 = 0.8744). The adsorption of organic pollutants on CoFe2O4 fit 

well with the pseudo-second-order model. In most cases, the pseudo-second-order model 

can be used to represent the relationship between time and the uptake of solutes in solution, 

and the adsorption mechanism is primarily governed by rates of diffusion. In the initial 

stage, the adsorption sites are sufficient, and therefore, the difference between the initial 

and final concentrations represents the largest and the most significant effect. However, as 

time progresses, the solutes in the solution are occupied after effective diffusion, resulting 

in only slight change in concentration (Hubbe et al. 2019). This was also reflected in the 

adsorption of dye wastewater, where a longer time was required for the dye molecules to 

reach the inside of the adsorbent to achieve maximum adsorption efficiency on the 

adsorbate (Hubbe et al. 2012). 

 

Table 2. Kinetic Model Parameters for the Adsorption of COD by CoFe2O4 

Models 
Parameters 

Qe K1 K2 R2 

Pseudo-first-order 17.29 1.07  0.8744 

Pseudo-second-order 17.29  0.058 0.9857 
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Fig. 7. Effect of the contact time on the removal efficiency of the COD and corresponding 
pseudo-second order kinetics plots 
 

Adsorption in Fixed-bed Column Reactor 
The breakthrough curves for the column were calculated by plotting the ratio of 

Ce/C0 (Ce is the effluent COD concentration and C0 is the influent COD concentration) 

against time. In the removal of Cu2+ using raw rice hulls (RRH) and expanding rice husk 

(ERH), the breakthrough concentration is typically set to 10% of the initial concentration 

(C0) (Luo et al. 2011). The wastewater treated in this study was obtained from a 

papermaking mill, and the water pollutant discharge standard of the China papermaking 

industry for discharging papermaking wastewater after treatment is 50 mg/L as per GB 

3544 (2008). Therefore, in this study, the breakthrough concentration (Cb) was set to 50 

mg/L (Ce/C0 = 0.42). 

To confirm the role of the CoFe2O4-coated sand in COD removal, the authors used 

raw sand as the blank control for the column adsorption test. The parameters were as 

follows: bed depth = 20 cm, COD = 118 mg/L, and flow rate = 3.5 mg/min. According to 

Fig. 8(a), raw sand had a negligible effect on COD removal. In the adsorption process, 

pollutants must have sufficient time to diffuse into the adsorbent. When the flow rate was 

too high, the adsorption did not reach equilibrium and the saturated extent of adsorption 

was small; when the flow rate was too low, the adsorption efficiency was improved, but 

the capacity of the reactor was reduced. Therefore, the influent flow rate is an important 

index for the adsorption column. The adsorption column experiment was conducted at 

different flow rates (3.5, 4.5, and 5 mg/min), the initial COD concentration was 118.4 

mg/L, and the bed depth was 20 cm. As shown in Fig. 8(b), the breakthrough time varied 

with the flow rate. As the flow rate increased from 3.5 to 5 mg/min, the breakthrough time 

decreased from 20 to 5 min. An increase in the flow rate reduced the contact time between 

the pollutants and the bed, resulting in a decrease in the treatment efficiency prior to the 

breakthrough point. Therefore, an increase in the empty bed contact time will slowly 

increase the penetration curve and increase water production. This may be because the 

loaded CoFe2O4 increased the specific surface area of the adsorbent, which led to an 

increase in the number of adsorption sites. 
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The bed depths of the column adsorption experiments were 10, 20, and 30 cm, 

corresponding to 150, 295, and 421 g of CoFe2O4-coated sand, respectively. Figure 8(c) 

shows the effect that the bed depth has on the shape of the breakthrough curves. The 

breakthrough time increased with an increase in the bed depth. When the bed depth of the 

packed bed decreased, the mass transfer process of pollutants was predominantly axial 

dispersion, and the pollutants did not have sufficient time to diffuse into the entire 

adsorbent, thus reducing the diffusion of the pollutants (Baral et al. 2009; Chen et al. 2011). 

In addition, an increase in the bed depth increased the specific surface area of CoFe2O4-

coated sand from that of raw sand, which provided more fixed binding sites for the 

pollutants, resulting in an increased residence time of the pollutants in the bed. Therefore, 

an increase in the height of the packing layer causes the breakthrough point of the 

adsorption curve to move in the direction of an increased volume of treated solution. 

 

 

 
 

Fig. 8. (a) Breakthrough curve for raw sand (blank control) (bed depth = 20 cm; COD = 118.4 
mg/L; pH = 7.0 ± 0.1; and u = 3.5 mg/min). (b) Breakthrough curves of COD removal for 
CoFe2O4-coated sand at different flow rates (bed depth = 20 cm; COD = 118.4 mg/L; and pH = 
7.0 ± 0.1). (c) Breakthrough curves of COD removal for CoFe2O4-coated sand at different bed 
depths (COD = 118.4 mg/L; pH = 7.0 ± 0.1; and u = 3.5 mg/min). (d) Breakthrough curves of 
COD removal for CoFe2O4-coated sand at different pH values (bed depth = 20 cm; COD = 118.4 
mg/L; and u = 3.5 mg/min) 
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Figure 8(d) shows the breakthrough curves obtained at pH values of 4, 7, and 10. 

The longest breakthrough time was obtained at a pH of 4. The breakthrough times were 14, 

19, and 37 h for pH values of 10, 7, and 4, respectively. 

These results indicate that the adsorption capacity of organic pollutants in CoFe2O4-

coated sand was remarkably greater than that in raw sand. Thus, CoFe2O4-coated sand, as 

an effective filter material, has good application prospects for the advanced treatment of 

real industrial wastewater. 

 
Stability and Reusability 

Reusability is one of the most important considerations in the applicability of 

adsorbents. In this study, CoFe2O4-coated sand was collected after adsorption and soaked 

in 0.01/L NaOH for 24 h, washed several times with water to obtain a neutral pH, and 

reused for COD adsorption. As shown in Fig. 9, the CoFe2O4-coated sand exhibited a 

promising reusability performance.  

 

 
 

Fig. 9. Breakthrough curves of the regenerated CoFe2O4-coated sand (C0 = 118.4 mg/L; bed 
depth = 20 cm; u = 3.5 mg/min; pH = 7.0 ± 0.1; and reused for three cycles) 

 
The breakthrough times were 20, 19, and 18 h for the first, second, and third reuses, 

respectively. These experiments indicate that the adsorption capacity decreased slightly 

after successive reuses. Furthermore, the fresh and used CoFe2O4-coated sand after 

degradation were analyzed via XPS. According to the full-scale XPS spectrum (Fig. 10), 

there was no notable difference between the fresh and used sand, indicating that no 

chemical or structural changes occurred in the adsorbent. The high resolution of Fe2p was 

deconvoluted into three spectral bands at 710.1, 712.7, and 723.9 eV for CoFe2O4-coated 

sand before and after use (Wang et al. 2012a; Wan and Wang 2017). Based on the Fe2p 

envelope, Fe3+ and Fe2+ accounted for 74.4 and 25.6% of the fresh CoFe2O4-coated sand, 

respectively, and Fe3+ and Fe2+ accounted for 71.1 and 28.9% of the used CoFe2O4-coated 

sand, respectively. The peak Co2p3/2 occurred at 779.8, 781.9, and 785.9 eV (Ren et al. 

2015), where Co2+ and Co3+ accounted for 29 and 71% of the fresh CoFe2O4-coated sand, 

respectively, and Co2+ and Co3+ accounted for 28.5 and 71.5% after treatment, respectively. 

The results exhibited no notable difference between the fresh and used CoFe2O4-coated 

sand, indicating that CoFe2O4-coated sand has excellent stability. 
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The high resolution of C1s exhibited three main peaks at 284.8, 286.0, and 288.4 

eV, corresponding to C–C/C=C, C–O–C/C–OH, and C=O, respectively (Fig. 10d) (Janos 

et al. 2017). The results showed that the contents of C-O and C=O increased from 27.70 

and 8.59% to 32.10 and 10.90%, respectively. This indicates that organic matter was 

chemisorbed on the surface of the CoFe2O4-coated sand (Sreeprasad et al. 2011). 

 

  

 
 

Fig. 10. (a) Wide-scale XPS spectra of CoFe2O4-coated sand before and after adsorption. (b) 
XPS spectra of Fe2p in the CoFe2O4-coated sand before and after adsorption. (c) XPS spectra of 
Co2p in the CoFe2O4-coated sand before and after adsorption. (d) XPS spectra of C1s in the 
CoFe2O4-coated sand before and after adsorption 

  

 
CONCLUSIONS 
 

1. CoFe2O4-coated sand can be effectively used as an adsorbent for the adsorption of 

COD-contributing organic substances present in paper wastewater owing to its 

advantages such as significant increase in specific surface area and easy recovery. 

2. The results of fixed-bed column experiments showed that the qualified water yield 

required to reach the breakthrough concentration was directly proportional to the height 
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of the adsorption bed and inlet flow rate. Moreover, column adsorption was more 

efficient under acidic conditions. 

3. The regeneration experiment using the adsorption column showed that the qualified 

water volume was similar after three regeneration cycles, which indicated that the 

CoFe2O4-coated sand adsorption column can be reused and has a good regeneration 

capacity for the adsorption of chemical oxygen demand (COD). 

4. The findings support the conclusion that the CoFe2O4-coated sand-based adsorption 

process is promising for the advanced treatment of industrial wastewater. 
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