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Abstract: The extraction of rare ecarth elements (REEs) through in-situ leaching with
ammonium sulphate [(NH4)>SO4] had resulted in the production of a large volume of
ammonium-rich wastewater, causing severe environmental pollution. This study aimed to assess
the ability of an indigenous microalga Chlamydomonas sp. YC, isolated from REEs wastewater,
to directly treat real REEs wastewater under outdoor conditions in 50 L airlift photobioreactors
(AL-PBRs) and 5.0 m® open race-way photobioreactors (ORWPs). Additionally, the harvested
Chlamydomonas sp. YC biomasses from these two pilot photobioreactors were comprehensively
analyzed to evaluate the nutritional values. The results showed that Chlamydomonas sp. YC in
AL-PBRs exhibited higher biomass production (1.1 g/L), greater removal efficiencies in
NH,"-N (24.9%) and total nitrogen (20.4%), as well as higher CO, fixation rate (125.0 mg/(L-d)),
compared to those of ORWPs. Moreover, the Chlamydomonas sp. YC biomasses obtained from
the two pilot photobioreactors contained 44.5% and 49.4% protein, 9.1% and 14.3% lipids.
Moreover, Chlamydomonas sp. YC in the two pilot photobioreactors displayed essential amino
acid indexes (EAAI) of 0.900, which was higher than that of soybean protein (0.657), indicating
superior nutritional values. In conclusion, the implementation of the process involving
Chlamydomonas sp. YC in AL-PBRs under outdoor conditions holds promise as a coupled
microalgal biotechnology for the simultaneous removal of NH,; -N from REEs wastewater, and
the capture of CO; for the production of valuable biomass.

Keywords: rare earths ammonium wastewater; Chlamydomonas sp. YC; outdoor pilot-scale;
nutritional values evaluation
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Schematic diagram of structure of bioreactor. A: 50 L AL-PBRs in the side view. B: 5 m*> ORWPs
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Figure 2 Variations of microalgal biomass (A) of Chlamydomonas sp. YC and pH (B) of the treated rare
earth elements waste water in AL-PBRs and ORWPs under outdoor conditions.
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Figure 3 Changes in the concentrations of NH; -N (A) and TN (B), the removal rates of NH,'-N and TN (C),
and TP concentration (D) of rare earth elements wastewater by Chlamydomonas sp. YC in AL-PBRs and
ORWPs under outdoor conditions. “a” and “b” represent the differences in NH;-N and TN removal rates

between AL-PBRs and ORWPs.
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R1 KEYCEULERLIEKIEZPHRTY
tE
Table 1 Analysis of nitrogen removal and fate in the

process of REEs wastewater by Chlamydomonas sp. YC

Nitrogen AL-PBRs (mg/L) ORWPs (mg/L)
Initial NH,*-N 2 045.0 2 045.0

Final NH,"-N 1 536.0+£27.1 1 703.0+57.0
NH,"-N removal 509.0+£28.3 342.0+80.6
Microalgal 102.3+11.2 58.8+4.9

absorption nitrogen
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R2 OKEYCEMMAENMREFZTR CO, E

ESH

Table 2 CO, fixation parameters of Chlamydomonas

sp. YC in two pilot-photobioreactors

AL-PBRs
64.000+2.700

ORWPs
57.000+3.200

Kinetic parameters

Total biomass
productivity (mg/(L-d))

Maximum specific 0.400+0.024 0.300+0.014

growth rate (tmax, d ')

CO, fixation rate
(mg/(L-d))

125.000£16.100 66.700+7.800

PAE R . SRR P A CO, [
FAYIK 0.4 d7', 64.0 mg/(L-d)F 125.0 mg/(L-d),
825 T 7€ ORWPs T afA5 MME , T2 R R K
# YC 7E AL-PBRs A B iF 14 K HRE(E] 2A).
AHFFT R LS R FE, AL-PBRs AlREREAK M YC
L4 Ak PG R 2 AR K A B ) T TR
N7 o
2.5 IKE YC PIMLEF T EREKIKIK
YRS

JPEAL R RS BRI AR YC g4
YN T AR, BEIRAE S, ISR A,
FE o HAE 5T MR A SR KA
&l 4 AT, ACHE YC FEPIRR SR A AR BRAR £
FKJG, AR iy R o+ 5w s BRI -
FE 11 J51(44.5%—49.4%)> Bk L EH(27.0%—27.7%)>
S (9.1%-14.3%). HH, &K YC 7 AL-PBRs
o 2R R B4 T ORWPs, T i il 5 4%
A, 100 P S5 A4t 7 R R IS Iz 4 A 8 11 BT B
IS BEEACTE DA e R 2R AR
B, e A= 4 3L 0 PN 1 B 11 5 RN g R ok A 7
MK SR T BRI B 2T 2 B 1S
iR, Rk, AW A EE YC 7 L
BEAL A 3 - R K BT AR A A T e A W gk A 7 T
GIERRANGIWIBR A 3 43 #r , #E— L PP ARG AR
BB I E SR A

&: 010-64807509

a [ ] AL-PBRs
Or—%4 [ ORWPs
40

S
: 30 .
=1
a 20 5
v BB
10F 2

Protein Carbohydrate Lipid

B 4 AL-PBRs #l ORWPs PSP &4 TR IEH L
BKBKRE YC VXS FHRAESR  AFVD
B R AEREBIR G B 22

Figure 4 The differences in biochemical composition
of Chlamydomonas sp. YC derived from REEs
wastewater in AL-PBRs and ORWPs. Different
lowercase letters represent statistically different
significance.

2.6 A< YC MR ERBRITEM

F 15T A 2 SR R 2 B PRAL AR R R
FAKFHEREES % R 3 HAKE YC FI BRI
I 25 P A A B A e K i AR A v A
BREH 53 73 #r o i 3% 3 W1, 7E AL-PBRs F1 ORWPs
TR AR B B B O S RS A
HAPR(11.4%-12.7%) . REZAIR(9.5%-10.5%) .
FEEABR(9.5%—10.1%) FITR 2 R (8.2%—9.6%) . 1H
PR RN, ARV A PSR AR YC K
BT 20 43 v B a2 R R Y o 8 e, ]
REM AR NH, R O 240 i 2 R & it B rh
HLEMWFATAY BT, FIEA AR AR LT
5 ol R A A A A A IRDY  Darwish 250
X 3K 14 4K 3% (Chlamydomonas reinhardtii), /iR
#(Chlorella sp.)FIIRiE#EE(Spirulina sp.) it 24
FRZH Sy AT AT AT LA, A5 B dm A v & it A e 1Y)
LRI A 5 #2(120.0-137.0 mg/L), AP,
AR AT T, e AR S I Ay R AT
DA B AR K R R A LT 2 45 40 R0 UL IR 45 4
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x3 WMWMREFHRE YC EMEQRERA
ARLFEEBR

Table 3 Amino acid composition (amino acid/protein,
mg/g) and essential amino acids productivity of
Chlamydomonas sp. YC in AL-PBRs and ORWPs

Amino acid  AL-PBRs ORWPs FAO/WHO Soya
standard
Met 9.3£1.4 11.1£2.4 22 7
Lys 59.9+2.7 68.1+£2.2 45 34
Ile 45.3+1.6 43.7£3.8 30 21
Leu 100.8+3.2 95.0+£5.4 59 35
Phe+Tyr 91.4+3.6 96.1+3.7 38 24
Thr 48.9+2.1 56.0£2.9 23 19
Val 64.7+4.4 65.6+3.8 39 24
His 21.8¢1.9 17.0£2.5 15 12
Glu 127.1£449  114.1£6.2 — -
Asp 97.5£6.6  105.2+44.9 - -
Ser 44.5+2.9 51.7£2.4 - -
Gly 66.3+3.1 67.2+43.3 — -
Ala 95.5+2.4 82.0+5.2 - -
Arg 66.8+4.5 68.1+3.7 — -
Pro 47.3+1.3 48.3+3.1 — -
Cys-Cys 10.9+2.4 10.2£1.8 — -
EAA 442.1429.6 452.6+£37.8 — -
NEAA 555.9+39.7 546.8443.3 — -
EAAI 0.9 0.9 - 0.7
Essential 16.0£2.5 10.7+1.5
amino acid
productivity
(mg/(L-d))

13

—” represents no data available for this item. EAA:
Essential amino acid; NEAA: Nonessential amino acid;
EAALI: Essential amino acid indexes.

AR, N S A EJRIAE YC AT A
R AT RE .

T, EA BT B IERRAN S R i)
ZEABUESRMRNEESE R 3, K
¥ YC 7£ AL-PBRs 1l ORWPs B i Ji #i 4b HE i
+ K ARAS A A 2 1 P R 2T 2 HE PR (essential
amino acids, EAA) & & . T MR/ M LR
(essential amino acids/total amino acids, EAA/TAA)
s T 2 FE R /AE 06 75 24 JE R (essential amino

http://journals.im.ac.cn/cjben

acids/non-essential amino acids, EAA/NEAA){E
TCW R 25 5 o (HRL TR 2R ok R, ACHE YC
f£ AL-PBRs H W75 2 SE R #:[16.0 mg/(L-d)]
BH 52T ORWPs 41[10.7 mg/(L-d)], AJfEZ A
JACEE YC 7E AL-PBRs A H i (U LE W& (E 2A)
IR RS (E 4), LRI, K YC
20 B AE N TR) 2 1w R AR R R K E R
JROR AT A2 A 2 22 5 (] 3), FRREACE )
AR, AT SRR AR R,
% 3 A LIFE HAE AL-PBRs il ORWPs 13575
IAEE YC FEI% EAA/TAA (44.3%—45.3%)F
EAA/NEAA (79.5%—82.8%)¥J % F FAO/WHO
AL BRAR B 5 R 4L A 1Y {E (EAA/TAA
7 40%—-60%, EAA/NEAA>60%)., ItAL, K
YC FIH AL-PBRs Fil ORWPs Wif iz Jij 5 &b F
i 1 BB K G & A e FAO/WHO T (1)
EAAL #7509, & T REHEM(0.657), XL
LU P AR RIACEE YC A BEA + R K S 3R
B EAERNES, HA T LAY
BHYE K RE
2.7 AR YC =M AERERAE 2 7 1
XTACHEE YC AR A 105 R ZH BG4 TN A
3% 4 WA, KB YC SIS TR 2

3

R4 PFMERBRE YCEMHNEERERRSE
A AR A 7 B

Table 4 Fatty acids composition and essential
fatty acids productivity of Chlamydomonas sp. YC
in AL-PBRs and ORWPs

AL-PBRs (%)

Fatty acids ORWPs (%)

Ci6:0 28.0+1.5 32.2%1.6
10 10.2+1.2 8.8+0.7
Cro:0 15.3£1.7 7.6+0.8
Cral 8.1+0.8 13.4£0.5
Crei2 11.8+0.5 14.1=1.4
Crei3n-3 8.4+1.2 12.1£1.2

24.0+2.1 30.0+2.6

Essential fatty acids
productivity (mg/(L-d))
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*@@ﬁ(cmio)\ EEHE‘@Z?(CWIO)\ %ﬁiﬂﬁ(czoio)\ {EH
PR (Cis:1) . MEIHIFR (Ci5:2) R JFEFR (Ci5:3n-3) o
A, R 4 MZERLETT IR, PIRR N 45
ARG 2 AR KT RERZ A HE YC 2R g
15 TR JId S il R A A i S5 PR 9G  , E TR B
0 P LA 7K Y- L o0 35 200 L PR 1) 45 g s i 21
TUAEAE I B 25 57 D00

Y R FH I R BR A Sy B 22 ) T MR DT IR
AR R SR A S R AR K R,
SRENVINUAR S 71, $m sh A N B 55
A ESRMERT, 3R 4 TTH, KB YC B
oA R T A THRR (11.8%—14.1%) AN JFR
2(8.4%12.1%). L, &K#E YC "IHEZE—Fhig
TEA BV 75 BE T IR e PR , 1 [ B T 15 3
AN FRAE sh W R BE T RR8E . AT PR AT A
MRGEIR . 2 b, FERIFR 105K P ARG i a5 5%
BIAKEE YC & & Cie—Coo IBNIR , HA IR
TPk o3 SRR 9 T .
2.8 IKiE YC ARIENMEEEREMHEIFM

IRZEREN, KB YC By IERR G i
1R 2H (B B L B iR R R B W T, i
— AW TRE YCHHESESE, KL
5k T A AR E(GB 13078—2017) k47 4%
(£ 5). MR 5 ATHI, FIHR L I57K AR E SRR
KEEYC B R (Hg) . #5(Pb) . #4(Cd). #(Cr)

x5 KEYCEMEZEZEWN
Table 5 Heavy metal detection of Chlamydomonas
sp. YC dry biomass

Heavy Method AL-PBRs  ORWPs Hygienical
metal (mg/kg) (mg/kg) standard
for feeds

Hg GB/T 13081
Pb GB/T 13080
Cd GB/T 13082
Cr GB/T
13088—2006
As GB/T 13079

0.010+0.004 0.060+0.020 <0.1
0.140+0.020 1.820+0.200 <5
0.060+0.010 0.010+0.003 <2
0.310+0.090 3.010+0.800 <5

0.110+0.020 0.260+0.080 <40

&: 010-64807509

FIAH (As) & B A, AF & 1 T A A vl i ML 7
FOMEL. S SN A TRT A Hh A b R /K 15 37 1O A8
YC Ik A s e etk Ja W AR ol
THRACHE YC Bbr AT RaE KSR T . HEAh,
CABETERY, T RO A0 Al DA I8
W bEs P BT, A S MBS TAEE AT L
SR IACEE YC X A K i 8 72k 4 7
wHAE, I RMNERE . RERI TR L
TGO A Y A T B, TR R A R
L W A DA a7 o T 6 Y GRS

3 WwE5E&#

AT 5T RS A BE YC £ AL-PBRs FlI
ORWPs P it s 52 1y ¢ HH A 5 P A1 s AR
PO PR A R K, IR AE R, K
YC £ AL-PBRs H1i4fb s + 2 AR K T3R5 5 &
FAEY R . AR LR MERE, A, BFh
et S A A B AR A RS K Y AR 3 e Y 2R
FEAhAR T EAAE I B2, KB YC EAW
EAA. EAA/TAA. EAA/NEAA F1 EAAI #5545
FAO/WHO JIr 2 13 %) H3 R824 B R 1l 43 48 s 22
Ky KB YC MBS 11.8%—14.1%F 3 I B2
8.4%—12. 1%L JFRFR o LA, AR H i S 1 A
AbFRRR T JRK I YC $AR 1T S LR o
AT IR R r~ i G2 5%, {H AL-PBRs A4
TR IR PP [16.0 mg/(L-d)]ZE T ORWPs
[10.7 mg/(L-d)]. F&F FRrAELE %R, HACHE
YC A 3a9rhifk AL-PBRs B335 4467 T 2
K — i B T e A [ e . ek TS K R AR
FFEMBTERG 12, RERSCBUR(EIL CO,
FVE R ) S A TR A= e Ak, B 0 3R sk
HR R i DR GRDR AR 1 DR R R
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